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Abstract
Metal phthalocyanines prepared as single crystals and thin ﬁlms have been analysed
using a combination of microscopy and diﬀraction based characterisation.
Vanadyl phthalocyanine (VOPc) and chloroaluminium phthalocyanine (ClAlPc) pre-
pared as thin ﬁlms on oxidised silicon at a variety of substrate temperatures are anal-
ysed by atomic force microscopy (AFM) and x-ray diﬀraction (XRD). Elevated sub-
strate temperatures are found to promote larger morphological features and out-of-plane
diﬀraction. In addition single crystals of VOPc are grown and the single crystal struc-
ture is re-determined.
Thin ﬁlms of copper iodide (CuI) are prepared, at a variety of substrate temperatures,
and analysed using AFM and XRD. These ﬁlms are found to be (111) oriented and
are used as structural templating layers for sequential growth of VOPc and ClAlPc
thin ﬁlms. These structural templates are found to alter the structure of thin ﬁlms
of VOPc and ClAlP. VOPc is shown to adopt three distinct molecular orientations
whereas ClAlPc is found to adopt only one. In addition to this the growth behaviours
of VOPc and ClAlPc on thin ﬁlms of CuI is explored using AFM and diﬀerent growth
modes are suggested.
Single crystals of CuI are synthesised from solution for use as a model structural tem-
plating system and characterised using low energy electron diﬀraction (LEED), AFM
and XRD. These crystals were oriented to their (111) face and subsequently used as a
model template for the growth of VOPc. The ﬁlms of VOPc are analysed using XRD
and AFM and the (111) surface is found to promote one orientation of VOPc, sug-
gesting that the molecules interact diﬀerently with a single crystal surface than with a
polycrystalline thin ﬁlm.
Zn- and O-terminated (0001) Zinc Oxide (ZnO) crystals are prepared and used to in-
vestigate the eﬀects of surface chemical termination on the growth of VOPc thin ﬁlms.
The ZnO surfaces are analysed using LEED, XRD and AFM and are found to adopt
diﬀerent surface reconstructions under identical preparation conditions. These surface
reconstructions result in VOPc ﬁlms which have diﬀerent structures and morphologies.
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1 Introduction
Over the last three decades small molecule semiconductors have attracted a great deal of
interest due to their potential for use in a variety of organic electronic devices.[5] This work
focusses on the phthalocyanine family of molecular semiconductors, in particular looking at
the structure and morphology of two non-planar phthalocyanines. This chapter will sum-
marise the current knowledge and understanding of the phthalocyanine molecules and the
state of the art of the analysis techniques used to study them. In addition to this the mate-
rials used will be introduced and discussed.
The current electronics and photovoltaics market is dominated by inorganic semiconduc-
tors however organic semiconductors do have some beneﬁts over convential semiconductor
technologies that make them attractive for commercial applications.[6] The most exciting of
these advantages is the potential for chemical modiﬁcation of the molecular semiconductors
through which attractive characteristics can be selected and exploited in device fabrication.[7]
Chemical modiﬁcation incorporates the use of organic, physical and theoretical chemistry to
create a novel route for materials design. Inorganic semiconductors do not have the same
capabilities for chemical modiﬁcation as their fundamental unit is atomic whether that be in
a single element material, like silicon, or in a binary or tertiary material, like indium arsenide
or aluminium gallium arsenide. Although adding dopants to crystalline materials has long
been shown to be an eﬀective method of property control it is fundamentally diﬀerent from
the chemical modiﬁcation of organic semiconducting materials where the entire composition
of the material is changed as opposed to just its electronic behaviour.[8] Precise control
of physical properties, crystal structure and frontier orbital energy levels can be acheived
through careful molecular design.[9]
Although the capability to change aspects of a material systems presents new opportunitites
it also presents new challenges. Altering a molecule chemically can results in changes to
crystal structure which in turn can aﬀect electronic properties. In large aromatic molecules
changing the axial substituents with a view to altering the crystal structure can in turn alter
20
the molecule's charge transport characteristics. For example the frontier energy orbitals of
phthalocyanine molecules can be altered by substituting the hydrogen atoms with electron
withdrawing halogen atoms however this has been shown to have a massive impact on the
structure of the molecule when deposited as ﬁlms on surfaces.[10, 11, 12, 13] For this rea-
son a molecular systems must be well understood chemically, electronically and structurally
before changes to its chemical structure are made and investigated. As such a great deal of
research has focussed on exploring and understanding the behaviour of many small molecule
semiconductors.
Many structural and electronic characterisation techniques, such as photoemission spec-
troscopy and real and reciprocal space structure determination, require an ultra-high vac-
uum (UHV) environment. Fabrication of commercial electronic devices, both organic and
inorganic, also requires an UHV environment making the fabrication and characterisation
of thin ﬁlms highly complementary techniques.[14, 15] Thus many of the same techniques
which were used to understand inorganic semiconductors have and are being used to probe
the properties of organic semiconductors.The work carried out on organic semiconductors
can be, broadly speaking, split into two main categories: those which are used to probe the
properties of the material in the bulk and those which probe the properties of the material at
the surface. Measurements carried out on interfaces and at surfaces use evaporated monolay-
ers of materials often on metal single crystals. Measurments carried out integrated over the
bulk of a material are usually conducted on single crystals or puriﬁed powders, comprised
of smaller crystals.[16] Single crystal structure and tranport measurements are often used
to understand a material's intrinsic behaviour.[17] The use of single crystals in transport
measurements removes the problem with charge carrier scattering which is associated with
grain boundaries.[18] The use of single crystals for structural measurements is also impor-
tant as in a single crystal all of the lattice planes are present and have scattering intensities
large enough to map the atomic positions within a unit cell. Understanding the structure
of thin ﬁlms of material which do not have single crystal structures associated with them is
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incredibly diﬃcult.
Despite the research which has taken place over the past three decades and some organic elec-
tronic devices now being produced commercially there remains a disparity between the struc-
tural and spectroscopic characterisation of materials and characterisation of devices which
contain them.[19] Although many small molecule family have been widely characterised on a
variety of surfaces, such as acenes and perylenes, as the focus of this work is on phthalocya-
nines they will be the only material discussed onward at great length.[20, 21, 22, 23] If any
molecular semiconductors are to be used in commercial devices a complete understanding of
the molecule's behaviour, the impact of various surfaces and the processing on the molecule
is of the utmost importance.
1.1 The phthalocyanine molecules
The phthalocyanine molecules (Pcs) are a large and varied family of molecular semiconduc-
tors. All phthalocyanine molecules have a fourfold isoindole-centred phthalocyanito ligand
which is complexed to a chemical species in the ligand's central cavity. One of the ﬁrst Pc
molecules to be synthesised in 1907 dihydrogen phthalocyanine (H2Pc) is often considered
to be the parent molecule of this family (see Figure 1a for structure).[24] The central im-
idazole cavity of the ligand can house a variety of atoms/moieties and as such there are
large number of phthalocyanine molecules available each with slightly diﬀerent structures
and properties.[25] The phthalocyanines are commonly used in industry as dye molecules
and also have a huge variety of applications in electronic and optoelectronic devices.[26]
Broadly speaking the phthalocyanines can be split into two distinct groups: the planar ph-
thalocyanines and the non-planar phthalocyanines, the latter which is the focus of this work.
Whether a phthalocyanine molecule is planar or non-planar is determined by the size of the
atom/moiety which sits in the cavity of the ligand. Those phthalocyanines which possess a
non-planar structure do so either because the atom radius of the central atom is too large
to be accommodated by the cavity of the ligand or because the central moiety is projected
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out of the plane of the ligand. Single crystal structures provided the initial evidence for
this behaviour and until recently, when photoelectron diﬀraction (PhD) experiments were
carried out on some of these molecules, there was still some ambiguity in the ﬁeld as to the
nature of this non-planar behaviour.[27] The planar phthalocyanines (assuming the ligand
is substituted by atoms of only one element e.g. H16CuPc) do not possess a permanent
electric dipole moment due to their C4v point group symmetry.[28, 29] In contrast the non-
planar phthalocyanines possess a D4hpoint group symmetry, due to the central moeity being
projected out of the plane of the ligand and as such possess a permanent electric dipole
moment.[30, 31, 32] There are planar phthalocyanines in possession of a permanent dipole
moment however this is a result of substitution of the hydrogen atoms to produce a change
in the symmetry of the molecule.[13] The non-planar phthalocyanines exhibit some unique
advantages over their planar counterparts including broader optical absorption proﬁles and
shifted frontier energy level positions.[33, 34, 35] These properties have led to their use in eﬃ-
cient OPV and OTFT devices although far less fundamental characterization data is present
in the literature.[36, 37, 38]
Thin ﬁlms of phthalocyanine molecules have been prepared by both solution processing
methods and vacuum deposition for a variety of purposes.[39, 40] Surface studies of ph-
thalocyanine molecules have focussed on ﬁlms in the monolayer regime, with evaporation
techniques being used to produce these ﬁlms. Phthalocyanine ﬁlms for use as active layers
in optoelectronic devices are typically in the tens of nanometre range and can possess prop-
erties which vary signiﬁcantly from the molecules behaviour in the monolayer and in bulk
crystalline samples.[10, 41] It is this diﬀerence that makes establishing structure-property
relationships key to understanding and potentially exploiting the behaviour of the molecules.
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Figure 1: The chemical structure of (a) dihydrogen phthalocyanine (H2Pc), (b) aluminium
chloride phthalocyanine (AlClPc) and (c) vanadyl phthalocyanine (VOPc) and representa-
tions of their respective unit cells according to reported crystal structures (d) dihydrogen ph-
thalocyanine (H2Pc) [1], (e) aluminium chloride phthalocyanine (AlClPc) [2] and (f) vanadyl
phthalocyanine (VOPc)[3].
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1.2 Crystal structure determination of the phthalocyanine molecules
The ﬁeld of research relating to the crystal structures of phthalocyanine molecules is ﬁlled
with gaps and inconsistancies. Multiple methods have been used to determine structures and
as such some structures contain more information and are more reliable than others. Some
of these methods are; single crystal diﬀraction measurements, TEM measurements, powder
diﬀraction measurements where the unit cell has been determined without atomic positions
and even comparison to similar molecules which, due to chemical similarities, have been as-
sumed to be iso-structural.[16] The preparation of phthalocyanine single crystals is diﬃcult.
The molecules are often highly sensitive to preparation conditions and certain reported poly-
morphs of the various molecules require growth conditions not ameanable to single crystal
growth.[42] As such some widely used molecules are lacking in crystal structures, making
XRD studies of these molecules and their corresponding ﬁlms open to variable interpretation.
The ﬁrst crystal structures of phthalocyanines were solved by Robertson and co-workers in
1935.[43] In this work single crystals of the metal free (H2Pc), copper (CuPc), nickel (NiPc)
and platinum (PtPc) phthalocyanines were grown via sublimation in a low pressure envi-
ronment of CO2 and the unit cell parameters were determined. Due to the availaibility of
equipment and the progression of the ﬁeld of crystallography at this time atomic positions
were not solved. Since 1935 the structures of transition metal phthalocyanine molecules have
been studied extensively by XRD techniques with a variety of results.
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1.2.1 Single crystals of phthalocyanines
Figure 2: Representation of the CuPc unit cell from the Hoshino crystal structure, created
with data from [4]. CCDC number 219250.
The planar molecule copper phthalocyanine (CuPc) is an excellent example of the diﬃculty
and controversy that can surround detrmining the crystal structure of a phthalocyanine.
First solved by Robertson in 1935 CuPc was determined to be monoclinic with P21/a sym-
metry and was reported to have a tendency to elongate along the b-axis forming high aspect
ratio crystals.[43] The unit cell of the structure was said to contain two CuPc molecules
and when viewed along the molecular axis the molecules adopted a herringbone packing
arrangement. As noted above this structure was determined without atomic positions. The
structure of CuPc was then redetermined through a structural reﬁnement on single crystals
carried out by Brown and co-workers in 1968.[44] This redetermined structure contained
atomic positions and also conﬁrmed the two molecule unit cell, herringbone arrangement
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and the habit, noted previously, of the crystal to be elongated along the b-axis. Although
these two structures were in agreement there was still controversy as to the accuracy of these
structures. This structure has been widely considered as the beta-polymorph.The phthalo-
cyanine molecules have been shown to exist as multiple polymorphs, in the case of CuPc the
alpha and beta polymorphs have been particularly well studied. The nature of this poly-
morphism is such that it is manifested in very small changes in structure which are diﬃcult
to observe and dependent on experimental accuracy. There is additional confusion in the
literature caused by crystal structures being inferred, and not determined, by comparison
with other, chemically similar, phthalocyanines (eg. CuPc and PtPc). In the work by Gould
thick ﬁlms of CuPc grown on alkali-halide substrate were analysed by TEM however this
work was carried out under the assumption that PtPc and CuPc share the same structure.
The resulting structure was considered to be the alpha-polymorph of CuPc.[45] Careful anal-
ysis of a molecule's crystal structure can completely change the accepted understanding of
its solid state molecular packing. This was the case with CuPc as a result of the work carried
out by Hoshino and co-workers. Prior to this work it was widely reported in the literature
(and sadly is still sometimes reported) that phthalocyanine molecules grown as thin ﬁlms
adopted the alpha-polymorph and those grown as single crystals adopted a beta-polymorph.
The work carried out by Hoshino analysed ﬁlms of CuPc on potassium chloride substrates
using TEM. Their reported selective area electron diﬀraction (SAED) patterns suggests that
rather than the CuPc molecules adopting the widely accepted herringbone arrangement, the
molecules were arranged in slipped parallel stacks (see Figure 2).[4] The determined lattice
constants suggested that there was a single molecule present in each unit cell so each molecule
must have the same relative orientation in the crystal. This resulted in the identiﬁcation of
four unique packing motifs, not previously reported in the literature, which could be applied
to this planar phthalocyanine. This work strongly disagrees with the pre-established view of
polymorphism in CuPc however since its publication confusion is still rife in the literature
with thin ﬁlms often being referred to as the alpha polymorph and crystals as the beta
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polymorph. This is a problem which is not resigned to CuPc or even just to the planar
phthalocyanines.
The non-planar phthalocyanines often have more complex crystal structures and have under-
gone less investigation than the planar phthalocyanine molecules. These molecules typically
possess a central moiety such as titanium oxide, aluminium chloride or vanadium oxide which
often possess large electronic or magnetic dipoles, the interactions between which are often
suggested to be the cause behind their more unusual structures.[46]
The non-planar molecule vanadyl phthalocyanine (VOPc), which will feature heavily in this
work, has been stated to have three polymorphs: phase I, phase II and phase III.[46] In
work by Griﬃths and co-workers phase II is presented as the stable form of the molecule,
phase I is deemed to be the meta-stable form and phase III is reported to be a result of
fast cooling of VOPc from the melt (>600°C). The claim of the existance of the phase II
polymorph was bolstered by the publication of a crystal structure a few years later however
no signiﬁcant proof of the other polymorphs has ever been reported.[47, 48, 49] The lack
of proof for the existence of additional polymorphs presents a compelling case for assuming
that polymorphism has not yet been seen or does not exist in this material. The crystal
structure of VOPc has been redetermined for this work and will be discussed later on.
Chloroaluminium phthalocyanine (ClAlPc), also discussed in this work, has received less
attention to its structure than most phthalocyanine molecules. A crystal structure has
been reported, there are no reported examples of polymorphism, however its reliability is
uncertain.[2] The crystal structure has a high R factor of ~13 and there is a comment asso-
ciated with the structure in the CCDC stating that the structure was solved with only half
of a molecule in the unit cell (CCDC ref. CUWPAL).
1.2.2 Thin ﬁlms of phthalocyanines
As with single crystals crystallographic measurements on thin ﬁlms of phthalocyanines are
not trivial. Phthalocyanine molecules consist of carbon, nitrogen, hydrogen and the central
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moiety which is often a metal atom. X-rays interact strongly with atoms which possess a
high electron density, in phthalocyanines this is predominantly the metal atom with some
scattering contributions made by the nitrogen and carbon atoms.[50]
For thin ﬁlm diﬀraction experiments laboratory based diﬀractometers are most often used
as the measurements are cheap, easily accessible and available. Modern diﬀractometers have
a wide range of geometries and optics which allow a variety of experiments to be carried out
on organic ﬁlms with a high degree of crystallinity. The alternative to commercial diﬀrac-
tometers is the use of synchrotron light which has a higher intensity of x-ray radiation. This
higher intensity light enables the collection of structural data from thin ﬁlms which may be
too thin or not crystalline enough to produce meaningful data using a lab based diﬀractome-
ter. Using synchrotron light a variety of high intensity grazing incidenced x-ray diﬀraction
experiments have been carried out with successful results. Synchrotron access can be diﬃ-
cult to attain and is often limited (due to high cost and demand) as such it is not always
possible to carry out measurements using synchrotron radiation. In addition to this there
is a high level of variance in techniques and provisions available between synchrotons, and
even between end stations.
The limitations associated with using x-ray techniques for thin-ﬁlm crystal structure deter-
mination have led to alternative methods of structure determination being investigated. As
such electron diﬀraction has been used with varying degrees of success. Low energy electron
diﬀraction (LEED) is an incredibly useful tool in the ﬁeld of surface structure determina-
tion however there are several problems with its use in determing the thin ﬁlm structure of
MPc layers. For successful LEED experiments a sample must be highly crystalline with long
range order. MPc layers are often polycrystalline which results in a lack of coherent electron
scattering. In addition to this the information that LEED provides is limited to the surface
and therefore the technique is not appropriate for structural determination of MPc layers
greater than a few monolayers in thickness.
Another form of electron diﬀraction, selective area electron diﬀraction (SAED) used in trans-
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mission electron microscopes (TEM) has been used to determine the crystallography of MPc
thin ﬁlms. As with LEED there are a set of limitations associated with SAED. For TEM
measurements a substrate must be thin enough for electrons to pass through it and the MPc
ﬁlm being studied. This restriction is typically fulﬁlled by using specialist grids/meshes
which bear little resemblance to the substrates used for surface science studies.[51] There
are also issues with sample preparation as organic samples cannot be prepared as one would
prepare inorganic materials. MPc molecules are prone to beam damage however in-depth
structural analysis of MPc molecules do exist in the literature using SAED and TEM imag-
ing.
One of the ﬁrst examples of MPc ﬁlms imaged using TEM is the work by Kobayashi and
co-workers where they imaged ZnPc on carbon ﬁlms.[52] In this work regions of the ZnPc
ﬁlm were imaged and those images were used to determine the structure of the areas of the
ﬁlm. There is no SAED data published in this work. Without diﬀraction data structures
determined from TEM measurements should be treated with sceptism. There have been
many diﬀraction patterns of planar phthalocyanines reported in the literature and multiple
structures determined in this manner. Non-planar phthalocyanines have also been investi-
gated in this manner, although far less thoroughly, and structures have been reported from
SAED measurements. In the case of VOPc the work of Pan and co-workers used SAED to
investigate the eﬀects of a thin molecular underlayer on the crystal structure of VOPc.[38] As
with many MPc/SAED experiments the molecular ﬁlm was prepared prior to measurments
by evaporating a supporting ﬁlm on top of the MPc layer the substrate was then removed by
ﬂotation and the thin ﬁlm was then inverted onto a specimin grid. There are multiple issues
with this method of preparation; ﬁrstly the supporting ﬁlm may damage or alter the crystal
structure of the MPc ﬁlm to be imaged and secondly the ﬂotation of thin ﬁlms (in this case
using hydroﬂuoric acid) can cause chemical changes to the MPc ﬁlm, in fact acid treatment
is regularly used to induce polymorphic transitions in MPc molecules.[53] Although the fol-
lowing SAED experiments may result in sharp diﬀraction patterns there is no knowing if the
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preparation method has in fact altered the nature of the sample being investigated.
Interpreting diﬀraction data of thin ﬁlms of MPc molecules is diﬃcult as there are both
experimental constraints (due to the nature of the materials) and also a lack of accurate
and complete crystal structures in the literature. Although it is possible to use diﬀraction
techniques on thin ﬁlms of MPcs to gain information about their structure ultimately the use
of these techniques relies on indexing the data to a solved crystal structure. The solid state
packing arrangements of MPc molecules determine their electronic and physical properties,
as such knowing their single crystal structures is an important step in our understanding of
these properties.
1.3 Structural templating studies of phthalocyanines
Structural templating of molecular semiconductors enables control of molecular orientation,
and sometimes morphology, relative to a surface. Due to the inherent structure-property
relationships of organic semiconducting molecules the ability to control the crystal structure
in turn allows for the control of their electronic and physical proeprties.[54, 55] The use
of a thin organic or inorganic layer to alter the structure of adjacent organic layers is the
basis of structural templating with both types of templating having been employed in device
architectures to improve their performance.[56, 57, 58] There are multiple examples of or-
ganic and inorganic templating layers in the literature, one of which copper (I) iodide is used
heavily in this work. Although there are no examples of organic structural templates used in
this work one of the more popular structural templates (3,4,9,10-perylene-tetracarboxylic-
dianhydride, PTCDA) will be discussed brieﬂy as it has been one of the main layers used in
MPc templating.
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1.3.1 PTCDA
Figure 3: (a) The chemical structure (b) molecular orientation in the alpha-polymorph and
(c) molecular orientation in the beta-polymorph of PTCDA.
PTCDA is a planar semiconducting small molecule which when evaporated as thin layers
has been shown to act as a structural template for many of the MPc molecules. Although
initially demonstrated as a useful material for organic-inorganic heterojunction devices by
Forrest and co-workers, later work demonstrated the ability of PTCDA to alter the molecular
orientation of many of the planar MPc molecules (i.e. H2Pc, CuPc, F16CuPc, ZnPc) and
some of the non-planar MPcs (e.g. VOPc, ClInPc).[55, 59, 57, 60, 54, 61, 62] When used
as a structural template for planar MPcs a thin layer of PTCDA alters the orientation of
the MPc molecules from a standing-up geometry to one where the MPcs are lying-down.
Aside from being a good templating layer for MPc molecules PTCDA has also been shown
to have a structural templating eﬀect on other organic molecules such as diindenoperylene
(DIP).[63] There has been some debate in the literature as to what causes the structural
templating eﬀect. PTCDA adopts a lying-down orientation when grown on most surfaces
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and as such there have been suggestions that its is the pi-conjugation of PTCDA and its
orientation which interact with the pi-system of these organic molecules and that this in-
teraction was changing their orientation.[55] However work by Stadtmuller and co-workers
using CuPc, PTCDA and Ag(111) has shown that there is a commensurate registry between
CuPc and PTCDA and also between PTCDA and the Ag(111) surface and therefore it is
epitaxial growth and not pi-interactions which are responsible for the templating eﬀect of
PTCDA.[64]
1.3.2 Copper (I) Iodide
Figure 4: (a) A representation of the crystal structure of cubic zinc-blende copper (I) iodide
looking down the b-axis of the unit cell and (b) the (111) surface of this crystal structure.
Copper (I) iodide (CuI) is a binary metal halide which is a large band gap (approx. 3
eV) p-type semiconductor which can be evaporated into thin ﬁlms.[65] In this work CuI is
used as an evaporable structural templating layer as it has recently been shown to aﬀect a
change in the crystal structure of small molecule organic semiconductors.[66, 67, 68] Copper
iodide, when solid, has three polymorphs: a zinc blende structure at temperatures <390 °C,
a wurtzite structure at temperatures between 390 °C-440 °C and a rock salt structure at
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temperatures >440 °C.[69] These three polymorphs all exhibit diﬀerent semiconducting and
electrochemical properties.
Layers of CuI have been shown to aﬀect the structure of MPc layers. Much of the work
carried out on CuI has focussed on the improvement of eﬃciency in small molecule OPVs.
Work by Chen et al examined the eﬀect of a CuI thin ﬁlm on a CuPc thin ﬁlm which has
been employed as an active layer in an OPV device. [58] The addition of a CuI layer was
shown, using XRD analysis, to alter the out-of-plane orientation of the CuPc molecules from
a suggested standing-up orientation to one where the molecules are lying parallel to the
substrate. This was determined by indexing the observed diﬀraction peaks and the conclu-
sion is in agreement with previous work carried out on molecular templates.
Work by Rand et al using a CuI templating layer in ZnPc/C60 OPVs also showed an im-
provement in device eﬃciency upon the introduction of the templating layer. In this work
the charge transfer process was modelled and it has been suggested that templating results
in an improvement in charge transfer far away from the ZnPc/CuI interface. Rand and
co-workers also investigated the eﬀect of CuI on PbPc and found that a templating eﬀect
was also observed and PbPc was suggested to be oriented parallel to the surface. PbPc has
also been investigated by Kim and co-workers and their ﬁndings were in direct contrast to
this. In their work PbPc was found to adopt an orientation perpendicular to the surface,
therefore the behaviour of PbPc on CuI is currently unresolved.[70]
The majority of work on CuI has focussed on its use in devices, work by Rochford and
co-workers looked at determining the nature of the templating interaction.[68] The use of
thicker CuI layers and substrate heating during growth allowed the production of highly
crystalline (111) orientated CuI layers upon which thin ﬁlms of FePc were grown. XRD
analysis showed that the structure of FePc was altered, upon addition of the CuI templat-
ing layer, in a similar manner to the examples previously discussed. The structure of FePc
was found to change from one where the molecules are perpendicular to the surface to one
where the molecules are parallel to the surface. Additional work carried out by Rochford
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and co-workers has investigated the importance of the (111) surface to the templating eﬀect.
Islands of CuI, (111) oriented out of the plane of the substrate, were grown on silicon. Thin
ﬁlms of FePc were deposited on to these islands and it was shown that the FePc grains which
nucleated from the (111) surface were quite diﬀerent in morphology to those grown on the
edges of these islands. XRD measurements of the resulting layers showed diﬀraction peaks
corresponding to the FePc/(111) CuI matching the data previously reported. An additional
peak corresponding to the FePc layer was seen in the XRD pattern which could not be as-
signed using the redetermined FePc crystals structure. This work suggests that the diﬀerent
symmetry and chemistry faces of CuI has a signiﬁcant impact on the templating eﬀect on
Pc molecules.[71]
Solution processed single crystals of CuI have been reported however no surface charac-
terisation has been undertaken.[72] The molecular structure of the group 11 binary metal
monohalides have been the subject of a considerable amount of research with a lot of spectro-
scopic information available, however characterisation of the surfaces of their corresponding
single crystals is incredibly sparse.[73] Surface characterisation has been carried out on other
metal halides such as the Group 1 binary metal monohalides despite their insulator charac-
teristic. Single crystals of (100) oriented NaCl, KCl, LiF have all been characterised using
low current microchannel plate LEED with measurements carried out at 12K.[74, 75] Low
temperatures were used to prevent charging and the resulting patterns are clear and show
(1x1) unreconstructed surfaces. Single crystal alkali metal halides are commercially available
and have been the subject of some interesting morphological and structural studies of ph-
thalocyanines in their own right. CuI is being used more frequently in structural templating
studies however the nature of its templating abilities has yet to be determined. Characterisa-
tion of its surface structure and the structure of MPc molecules on top will help to elucidate
the templating mechanism.
All of these studies have focussed on the behaviour of MPcs grown on to surfaces held at
room temperature. The use of elevated substrate temperatures during growth onto copper
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iodide will feature heavily in this work.
1.4 Substrates
Selecting substrates on which to study the behaviour of organic molecules is diﬃcult. When
investigating a material's intrinsic properties ideally there would be no inﬂuence from the
substrate chemistry or structure which would inﬂuence the studied material's properties. In
this case a substrate which interacts as little as possible is necessary. The choice of substrate
is also restricted by the experimental techniques which are to be carried out. Techniques
which require UHV dictate the use of vacuum stable substrates whereas ambient techniques
require the use of substrates which will not react in air. Additionally speciﬁc techniques
can place requirements on the choice of substrate. In the case of LEED a surface needs to
be ﬂat and highly ordered over large regions to achieve patterns which can be recorded and
indexed.
For studies of non-planar phthalocyanines on CuI molecular template ﬁlms, (100) oriented
silicon with an atox grown oxide layer (SiO2) was chosen as the substrate material. SiO2 is
cheap, commerically available, robust, chemically and thermally inert, stable in UHV and a
well characterised surface making it an ideal substrate for these experiments.
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1.4.1 Zinc Oxide (ZnO)
Figure 5: (a) A representation of the crystal structure of hexagonal wurtzite zinc oxide (ZnO)
looking down the b-axis of the unit cell and (b) the (0001) and (c) the (101¯0) surfaces of
this crystal structure.
Zinc oxide (ZnO) is a metal oxide, wide band gap (approx. 3.2eV), semiconductor which
has been the subject of much investigation. It has two known crystal structures; a cubic
zincblende structure and a hexagonal wurtzite structure.[76] The cubic structure is found
when ﬁlms of ZnO are grown on surfaces with a cubic symmetry, therefore inducing strain in
the ZnO ﬁlm and stabilising this crystal structure. The hexagonal form of ZnO is the most
common form and is used in this work. Hexagonal crystal structures are diﬀerent from other
crystal structures as they cannot be described using only Miller indices. If crystallographic
planes in hexagonal structures are assigned using Miller planes then planes which are equiva-
lent appear dissimilar, therefore the slightly diﬀerent Miller-Bravais indexing system is used
to describe these systems. In this system a four indices are used to describe a plane (hkil)
where i is always the negative sum of h and k.[77]
In this work single crystals in the (0001) and (101¯0) orientations are used. The hexagonal
unit cell is comprised of alternating layers of oxygen and zinc atoms along the c-axis. The
(0001) Miller plane is perpendicular to the c-axis of the unit and as such the (0001) surface
can be either oxygen or zinc terminated. In this work both of these surfaces are used. The
(0001) face of a hexagonal unit cell represents a high density of hexagonally packed atoms.
In contrast the (101¯0) surface is mixed termination as a restriction of the unit cell and has
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a lower density of atoms than the (0001) face.
Despite being a well used material which is commercially available in single crystals oriented
in a multitude of orientations there has not been a considerable amount of surface char-
acterisation carried out on ZnO. Some of this is due to the characteristics of the material
for instance ZnO is an excellent absorber of ultra-violet light making some photoelectron
spectroscopy techniques fraught with diﬃculties. Unreconstructed O- and Zn- terminated
(0001) ZnO was the subject of LEED and Auger electron emission spectroscopy studies by
Fiermans and co-workers with hexagonal (1x1) LEED patterns reported for the respective
surfaces.[78] Singly terminated ZnO surfaces are considered to be polar and as such are highly
unstable and reactive surfaces as such they often undergo stabilisation processes which can
manifest themselves as surface reconstructions. These surfaces can be particularly unstable
when heated in vacuum or air. O- and Zn- terminated (0001) ZnO surfaces were heated in
air and in vacuum and the resulting surface were studied by LEED and determined to have
a range of surface reconstructions present.[79]
1.5 Organic Molecular Beam Deposition (OMBD)
Organic molecular beam deposition (OMBD) is a thin ﬁlm growth technique which allows
the evaporation of organic semiconducting molecules, often in ultra-high vacuum (UHV).
OMBD is the typical technique with which to make thin ﬁlms of small molecules which are
insoluble. The process of ﬁlm growth is complicated with many diﬀerent processes occuring
during ﬁlm growth such as absorption, desorption, inter- and intra- layer diﬀusion, nucleation
and dissociation. There have been many theoretical studies focussed on understanding the
processes occuring during growth.[80] Although there are many processes which occur during
ﬁlm growth, some which are thermodynamic some which are kinetic processes, ultimately
the structure and morphology of evaported thin ﬁlms is a result of the growth mode through
which the ﬁlm is formed.
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1.6 Growth modes of thin ﬁlms
Thin ﬁlm growth, and the resulting ﬁlm morphology and structure, is a result of the inter-
play between the substrate-adsorbate and adsorbate-adsorbate interactions. In the study
of inorganic thin ﬁlm growth there are three main growth modes which encompass the be-
haviour of these diﬀerent interactions. [81] These growth mode models were established for
inorganic systems which have distinct diﬀerences in their growth in comparison to organic
systems. This is due to the diﬀerence in the interactions within the solid state of these in-
organic/organic materials. [40] Despite this these growth mode models are still useful when
discussing organic thin ﬁlm growth. When discussing the growth modes the adsorbate in
question is the organic molecules.
Figure 6: Schematic of the Frank-van der Merwe (layer-by-layer) growth mode
The most simple of the growth modes is Frank-van der Merwe (layer-by-layer) growth
where each monolayer is completed prior to growth of the next (Figure 6). This growth
mode is generally observed when the interaction between the substrate-molecules is more
favourable than the molecule-molecule interactions. Layer-by-layer growth is common in
systems where epitaxial relationships are present between the overlayer and the substrate,
however an epitaxial relationship is not a requirement of this growth mode.
Figure 7: Schematic of the Stranski-Krastanov (wetting layer plus island) growth mode
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The Stranski-Krastanov growth mode comprises an intial wetting layer forming on the
substrate followed by three dimensional island growth atop (Figure 7). The wetting layer can
be composed of more than a single molecular (or atomic) layer but in this growth mode there
exists a critical thickness at which point the growth is modiﬁed to island formation. This
change in morphology that occurs after the wetting layer is due to changes in the surface
energies between the substrate and the growing layer or disparity in the lattice parameters.
Figure 8: Schematic of the Volmer-Weber (island) growth mode
Lastly the Volmer-Weber growth mode consists of island growth from the onset of ﬁlm
formation (Figure 8). The interactions between the impinging molecules are stronger than
the substrate-molecule interaction with islands forming to minimise the area of the ﬁlm which
is in contact with the substrate. Successive deposition results in larger islands forming until
the islands coalesce and cover the substrate completely. The nature of this growth mode is
such that a greater ﬁlm thickness is required for complete substrate coverage in comparison
to the two alternative growth modes discussed above.
In all of these growth modes it is the relative surface energies of the starting surface and
ﬁlm, γA and γB (where γA<γB), and the interfacial energy of the growth interface, γ*, that
determines the thermodynamics of ﬁlm formation. The disruption of the equilibrium bond-
ing arrangement during ﬁlm formation results in a diﬀerence in energy between the surface
and the bulk of the material which is deﬁned as γ*.
If material A, with a higher surface energy, is deposited onto a material surface B then
γA + γ∗ < γB
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and layer by layer growth is usually observed.
However if material B, with a lower surface energy, is deposited onto a material surface
A then
γB + γ∗ > γA
and island growth is usually observed. Additional factors can alter the surface energies,
such as crystallographic strain and thickness dependent structure, which can complicate the
growth modes. For this reason thin ﬁlm growth is often interpreted using a combination of
these simplistic models.
1.7 Reconstruction of surfaces
The relative motion of atoms in the topmost layers of a surface with respect to one another
is a phenomenon known as a surface reconstruction. In general this process occurs to reduce
the surface free energy thus making the surface more stable. This behaviour can be observed
in clean surfaces in an ultra-high vacuum environment and can be induced and modiﬁed
by adsorbates. Surfaces which are energetically unstable, for example face centre cubic
(110) oriented metals, are often likely to experience a surface reconstruction.[82, 83] This
process involves a change in the periodicity of a surface and sometimes a change in the
surface symmetry also occurs. The reconstruction of surfaces is most commonly observed
using surface diﬀraction techniques (e.g. LEED and reﬂexive high energy electron diﬀraction
(RHEED)). In this work zinc oxide single crystals are prepared in air and as a result of their
preparation undergo multiple surface reconstructions which are observed and indexed using
LEED.
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1.8 Motivation and Aims
1.8.1 Motivation
The ultimate motivation for the research detailed here is to understand the structure and
morphology of thin ﬁlms of non-planar MPc molecules and the relationship between them.
The physical properties of MPcs have been shown to be aﬀected by changes in their structure
or morphology (for example the absorption wavelengths of non-planar MPcs have been shown
to be altered by changes in their crystal structure).[33] A fundamental understanding of
the structure-property relationships and their impact upon the physical properties of MPc
systems will result in a more informed design and understanding of eﬃcient devices.
The MPcs are very sensitive to preparation conditions; choice of substrate, rate of deposition
and temperature of deposition can all strongly eﬀect the resulting thin ﬁlm structure and
morphology. These conditions can in turn result in altered physical properties of MPc ﬁlms
and as such experimental conditions are a key focus of this work. For the non-planar MPc
molecules there is a lack of high quality data regarding the impact of these experimental
choices in the literature and this work hopes to contribute towards the improvement of this.
Elevated substrate temperatures have been shown to promote crystallinity of planar MPc
thin ﬁlms and in turn result in an improvement in the corresponding device eﬃciency.
VOPc and ClAlPc were to be prepared as thin ﬁlms on an inert oxidised silicon substrate at
a variety of substrate temperatures. The structure and morphology of these ﬁlms would then
be investigated using XRD and AFM measurements and the impact of substrate temperature
on the thin ﬁlms of these molecules would then be determined.
When used in electro- or optically active devices there is a lack of control over the structure
and surface morphology of MPc layers. As such a considerable amount of research has
been done on the use of evaporated organic and inorganic layers to provide structural and
morphological control. Although structural and morphological control of MPc layers has been
shown, using structural templating layers, the underlying interaction and causes remains
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unknown. Copper iodide, previously shown to template planar MPc molecules, was prepared
as thin ﬁlms and single crystals, characterised and used as a substrate for controlled non-
planar MPc growth. The interaction of this system with non-planar MPcs is previously
unreported and further surface characterisation of this inorganic structural template will
help further the understanding of the interactions responsible for this structural templating
eﬀect.
MPc thin ﬁlms are typically produced in vacuum with many vacuum systems being capable
of producing structures formed of single, multi- and co-deposited layers. Vacuum systems
for device fabrication are often lacking in in-situ characterisation techniques and as such
probing the structure or morphology of ﬁlms before the end of a ﬁlm growth can only be
carried out by the preparation of ﬁlms with a variety of thicknesses. This process can be
time consuming and may not provide an accurate representation of thin ﬁlm growth (due to
exposure to ambient air). In addition to this there is no one experimental method through
which the changes in structure or property of a ﬁlm can be monitored throughout its growth.
In the ﬁrst stages of ﬁlm formation, in the monolayer regime, MPcs have been shown to be
highly ordered the structure of which can be probed by surface sensitive diﬀraction techniques
such as LEED. However techniques such as LEED require UHV conditions which are not
acheivable in vacuum system used for device fabrication. Ex-situ diﬀraction techniques, such
as those which use lab based x-ray diﬀractometers are not capable of measuring the structure
of ﬁlms in the monolayer regime (due to their low intensity). On the other hand lab based
XRD techniques can be used to probe thicker MPc ﬁlms however any changes in structure
below the critical thickness (where a signal is observed) will be unseen. As such there are
only a few studies in the literature which examine the thickness dependent structure-property
relationships however these studies highlight the importance of probing multiple thicknesses
of MPc thin ﬁlms.
Metal oxide thin ﬁlms are attractive interlayers for organic devices as they often result in
an increase in device eﬃciency. Zinc oxide in particular has been shown to be an eﬀective
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electron transporting layer in small molecule OPV devices, however although the eﬀects of
this interlayer on device eﬃciency have been demonstrated there has been little attention paid
to its inﬂuence on the structure and morphology of the adjacent molecular semiconductor
ﬁlm. To elucidate more information about the interaction between ZnO and a MPc molecule
a model system was to be investigated in this work. Zinc oxide, in the hexagonal wurtzite
structure, can present polar and non-polar surfaces, so both chemical terminations of the
(0001) and also the (101¯0) surfaces (polar and non-polar respectively) were chosen as model
surfaces. Vanadyl phthalocyanine is a well characterised phthlaocyanine molecule and in
addition to this is one of the few which possesses a permanent electrical dipole moment. The
potential for interaction between the dipole moment of this molecule and polar surfaces of
ZnO made it an attractive molecule to be studied.
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1.8.2 Aims
 To grow copper iodide thin ﬁlms by evaporation in vacuum followed by characterisation
of their surface and crystal structure. These ﬁlms will then be used as molecular
templates for non-planar phthalocyanine ﬁlm growth. XRD will be used to measure
the crystal structure of both the template layer and the phthalocyanine ﬁlms. AFM
will be used to monitor changes in morphology and growth behaviour.
 To investigate the thickness dependent behaviour of the non-planar phthalocyanine
thin ﬁlms on copper iodide molecular template ﬁlms. AFM will be used to determine
the growth mode of the phthalocyanine thin ﬁlms.
 To grow copper iodide single crystals from solution and use these single crystal molecu-
lar templates to determine the eﬀects of grain boundaries and a singly oriented surface
on the templating eﬀect. Non-planar phthalocyanine ﬁlms will be grown on these sin-
gle crystal substrates. LEED will be used to characterise the surface structure of the
single crystal template and XRD and AFM will be used to characterise the structure
and morphology of both the substrate and the phthalocyanine ﬁlm.
 To establish prepared single crystal surfaces of ZnO which are air and UHV stable and
to use these to determine the inﬂuence of surface symmetry and chemistry on thin
ﬁlms of a non-planar phthalocyanine. The surface structure of the surfaces will be
established using LEED and the morphology will be studied using AFM. Thin ﬁlms
of varying thicknesses of the phthalocyanine will be deposited and their structure and
morphology will be investigated using XRD and AFM.
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2 Experimental
It is possible to separate the experimental techniques used in this work into those carried out
in-vacuo and those carried out under ambient conditions. The in-vacuo techniques were
housed in the home built multi-chamber UHV system in which the samples were grown. The
theory behind the operation and interpretation of these techniques will be discussed ﬁrst.
The techniques carried out under ambient conditions will then be discussed in the same
manner.
2.1 The Ultra-High Vacuum (UHV) system
Figure 9: Photograph of the UHV system.
Thin ﬁlm growth was undertaken in a custom built multi-chamber UHV system (Figure 10).
The UHV was provided by a combination of oil free scroll pumps (which provided the back-
ing pressure for) turbo-molecular pumps and ion getter pumps. The system is comprised of
four chambers; the load-lock chamber (LLC), the transfer chamber which houses an STM
(TRANSFER), the growth chamber (GROWTH) and the analysis chamber (ANALYSIS).
The load-lock chamber allows for easy and fast introduction and removal of samples into the
chamber without venting of any other chamber. This is made possible by the multiple gate
valves which separate each chamber from the others and allow for each individual chamber
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to be vented to atmospheric pressures and pumped to UHV. The base pressure of the system
is in the low 10-10 mbar region after baking of the system.
Figure 10: Schematic of the UHV system.
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2.2 Ultra-High Vacuum (UHV) Techniques
2.2.1 Organic Molecular Beam Deposition (OMBD)
Figure 11: Schematic of the process used to grow ﬁlms via organic molecular beam deposition
(OMBD).
Organic molecular beam deposition (OMBD) is a vacuum evaporation technique whereby
molecular beams are used to grow thin ﬁlms of organic materials.[84] OMBD provides a
clean and controlled environment in which to grow organic thin ﬁlms in which it is possible
to grow a variety of complex layers (monolayer, multilayers, co-deposited layers) without
introducing contamination through breaking vacuum. The technique is unique in the degree
of control it oﬀers, monolayer and submonolayer thicknesses are routinly producable, and is
unmatched by any solution processing technique often applied to organic molecules.[85]
The deposition system used in this work (as described above) was a custom built UHV evap-
orator with a base pressure of 3 x 10-9mbar in which inorganic and organic materials were
sublimed onto substrates which were held at either ambient or elevated temperatures. The
evaporation cells were commercially available evaporation cells, and the ﬁlm thicknesses and
deposition rate have been monitored using a calibrated quartz crystal microbalance (QCM).
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All of the materials discussed in this thesis are commercially available and details of which
will be provided as these materials are discussed. Prior to use all materials were puriﬁed
in a custom-built thermal gradient sublimation apparatus (Figure 12).[86] Using thermal
gradient sublimation it is possible to separate unwanted (less and more) volatile impurities
from the sample by evaporating along a temperature gradient. This exploits the depen-
dence of mean free path on molecular weight to separate impurities. Between one and three
puriﬁcation cycles were carried out on the materials discussed in this thesis to ensure the
absence of unwanted volatile impurities. After puriﬁcation materials were loaded into quartz,
graphite or alumina crucibles. These were then loaded into evaporation cells housed in the
evaporator and thoroughly degassed for a minimum of 24 hours prior to any evaporations.
During sample growth the substrates were held at either room temperature or elevated tem-
perature, enabled by the resistively heated tantalum element in the manipulator head. The
manipulator also has a dual k-type thermocouple assembly to monitor the temperature.
Figure 12: Thermal gradient sublimation diagram.
2.2.2 Low Energy Electron Diﬀraction (LEED)
LEED is a useful technique with which to probe the two-dimensional long range order of
the surfaces of crystalline samples.[82] An Omicron SPECTALEED rear-view micro channel
plate LEED optics was used to probe the structure of single crystal substrates used in this
work (Figure 13). The electron gun generates an electron beam which is ﬁred at the sample,
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these electrons are scattered by the sample and the optics of the system ﬁlter out those which
are inelastically scattered. The elastically scattered electrons then illuminate the ﬂuorescent
screen generating a pattern which can be observed through a view port in the UHV system.
The patterns are then captured using a commercially available charge coupled device (CCD)
camera. The beam of electrons used in LEED are of a deﬁned energy and are typically in
the range of 10-200eV. Organic molecules have large lattice parameters and typically require
low energy electron beams for diﬀraction to be observed, for example LEED patterns of
phthalocyanines are typically observed at beam energies of 12-18eV, whereas coinage metals
have far smaller lattice parameters and their LEED patterns are observed at higher beam
energies (60-100eV).
The surface sensitivity of LEED is the result of two eﬀects: elastic scattering and the mean-
free-path for inelastic scattering. The elastic backscattering process is very strong and there-
fore successive atom layers receive lower incident electron ﬂuxes and thus contribute less to
the scattering resulting in diﬀraction from the ﬁrst few atomic layers. In addition to this
the mean-free-path for inelastically scattered electrons, at the typical beam energies used
in LEED, is very short (typically between 5-10 Å) and therefore electrons penetrating more
than two to three atomic layers into a surface have a high probability of losing energy and
being lost from the observed elastically scattered electrons.[82]
Figure 13: (a) Schematic of rear view LEED optics and (b) LEED pattern from a
BaTiO3 (100) (1x1) surface.
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There are two methods by which the surface structures can be classiﬁed; Wood's nota-
tion and Matrix notation. [87] The most commonly used, Wood's notation, expresses the
relationship between the surface lattice vectors (a1 and a2) and adsorbate lattice vectors
(b1 and b2). Surface structures are therefore described as the ratios of the lengths of these
vectors ( b1 / a1 ) and ( b2 / a2 ) and any rotational angle between them, θ. A surface
lattice can be primitive or centred like a three-dimensional unit cell. Wood's notation is sim-
ple and useful for describing commensurate structures which possess a common periodicity.
If a system does not possess commensurate epitaxial relationships Wood's notation cannot
be used. In these situations Matrix notation can be used to describe the surface structure.
Figure 14: Three related overlayer structures as described by Wood's notation (a) (2x2) (b)
c(2x2) (c) (»3 x »3)R30º.
 b1
b2
 =
 ∗ ∗∗ ∗

 a1
a2
 (1)
Matrix notation uses the same basis vectors as Wood's notation, a and b with their rela-
tionship shown in equation 1. For example if there was a 2x2 structure on an FCC (100)
surface it is possible to construct a simple matrix to describe the vector relationship (Figure
15):
b1 = 2.a1 + 0.a2
b2 = 0.a1 + 2.a2
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Therefore
 2 0
0 2

Figure 15: The vector notation of surface structures (a) (2x2) and (b) c(2x2).
In the case of a c(2x2) structure (Figure 15) the vector notation is:
b1 = 1.a1 + 1.a2
b2 = −1.a1 + 1.a2
Therefore
 1 1−1 1

Although simpler Wood's notation is more limited than matrix notation as the substrate
basis vectors need to be deﬁned as multiples of overlayer vectors with a deﬁned angle of
rotation between them. In contrast matrix notation describes each basis vector as a linear
combination of the overlayer vectors.
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2.3 Ex-situ Techniques
In this section there will be a brief outline of the principles of operation of the ex-situ
characterisation techniques used in this work.
2.3.1 Atomic Force Microscopy (AFM)
Figure 16: Schematic of an atomic force microscope operating in tapping mode.
A scanned probe microscopy technique, atomic force microscopy (AFM) allows high res-
olution imaging of surfaces.[88] Prior to the introduction of AFM as a technique scanning
tunneling microscopy (STM) was used to image surfaces. STM has many sample require-
ments in particular a surface must be conductive to allow tunneling. AFM was developed by
Binnig and Rohrer as a method to image surfaces which were too rough or too insulating for
STM studies.[88] The technique has undergone much development since 1986 and modern
AFM instrumentation is now capable of routine imaging down to the atomic scale in UHV,
liquid and ambient environments.
The AFM imaging detailed in this thesis was all carried out using alternating contact (AC)
mode so only this mode will be discussed. In this work an MFP-3D AFM (Asylum Research,
Santa Barbara, USA) operated in AC mode using Olympus AC240-TS cantilevers was used
to record all AFM images presented. This machine operates by oscillating the cantilever
close to its resonant frequency and the piezo positioners in the head, where the cantilever
is housed, are then used to approach the surface with the tip. A feedback loop senses the
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change in the frequency of the oscillations due to dampening caused by interaction with the
surface and determines the proximity of the cantilever relative to the surface. The x- and
y- piezo sensors are then used to scan the sample relative to the cantilever. The feedback
loop maintains a force set-point which allows a constant separation from the surface. The
position of the cantilever is monitored by reﬂecting a laser beam oﬀ the back of the cantilever
into a four quadrant photodetector. The position of this laser spot, inﬂuenced by movement
of the cantilever away from or towards the sample, is then converted into a voltage. The
tuning frequency and set-point of the cantilever can be altered to provide a harder or softer
tapping on to the sample. It is therefore possible to produce three dimensionsal topographs
of soft or sensitive surfaces without damage as AC mode does not apply large amounts of
force on to the surface of the sample.
2.3.2 X-ray Diﬀraction (XRD)
The ability of atoms in a crystalline structure to diﬀract a beam of incident x-rays is the basis
of x-ray diﬀraction (XRD).[89] Through monitoring the angles of diﬀraction experienced by
the diﬀracted x-rays it is possible to identify the structure of the crystal. X-rays are scattered
by the electron density of the crystal and diﬀraction is observed when the atomic species, in
their ordered structure, introduce a path diﬀerence to the incoming x-ray wave. To produce
coherent diﬀraction it is important that the wavelength of the probing x-ray is of the same
order of magnitude as the interplanar spacings (dhkl) in the crystal. These dhkl spacings
correspond to the perpendicular distance between the Miller planes, imaginary planes which
pass through the crystal unit cell, deﬁned by the Miller indices (h, k and l). These Miller
indices are the reciprocal of the fractional intercept of the crystal unit cell edges, a, b and c.
nλ = 2dsinθ (2)
Once scattered constructive interference of x-rays can occur if they are in phase. The angle at
which this interference occurs is deﬁned as θ and determined by Bragg's law (Equation 2). In
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this equation λ is deﬁned as the wavelength of the x-rays, d is the interplanar spacing, n is an
integer and θ is the diﬀraction angle. In this work a CuKα x-ray source with a wavelength of
1.5418Å was used for all XRD experiments. The interplanar spacings, dhkl, in organic lattices
are in the same order of magnitude and often have similar values so diﬀraction is observed
when 1.54 Å light is used to probe organic crystals. The x-ray diﬀraction experiments
reported were carried out on thin ﬁlms and powder samples, these two diﬀerent sample types
required the use of diﬀerent diﬀractometers with slightly diﬀerent experimental geometry.
Figure 17: Schematic of θ-θ mode set up used in thin ﬁlm and powder XRD.
For thin ﬁlm and powder samples experiments were carried out using an X'Pert PRO
MRD (Panalytical) instrument in θ-θ mode (see Figure 17). In this conﬁguration the x-ray
tube and detector are each angularly scanned through θ. This geometry is useful for powder
samples as the sample remains stationary during scans. The resulting data is plotted as 2θ
against an arbitary unit of intensity. The resulting data is plotted as 2θ against an arbitary
unit of intensity. Rocking curves were not carried out on any of the thin ﬁlms samples
detailed in this thesis however they are a useful technique to probe misorientation, mosaic
spread and inhomogeneity of samples.[77] Some of the samples discussed in Chapter 3 did
not exhibit any diﬀraction peaks, rocking curves would be a useful technique to carry out
on samples of this nature as they may show the existence of crystallographic planes which
are not aligned normal to the sample.
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If the lattice parameters of a crystal are known it is possible to directly index peaks of
diﬀraction intensity to lattice planes. Single crystal diﬀraction experiments have been carried
out on many organic semiconducting molecules to solve their crystal structures and are often
used to index the diﬀraction peaks from thin ﬁlms, this has been carried out in this work.
In this work the crystal structure of vanadyl phthalocyanine (VOPc) has been redetermined
using single crystal XRD. An Oxford Diﬀraction Gemini diﬀractometer (Agilent) with a
Ruby CCD area detector was used to carry out this experiment. Data collection was carried
out at 150 K. Reﬁnements were carried out in Olex2 using ShelX reﬁnement algorithms.
[90, 91]
In single crystal diﬀraction experiments the single crystal sample is placed in a multi-axis
goniometer stage, which allows rotation of the crystal during data collection. A CCD detector
is most often used to collect all the diﬀracted beams at once. In these experiments all of
the possible intensity maxima are determined and no preferential orientation eﬀects are
observed in single crystals. The experimental requirements for single crystal XRD are strict
with crystal quality and size having a massive inﬂuence on the quality of the resulting crystal
structures.
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3 High temperature deposition of non-planar phthalo-
cyanine thin ﬁlms
The MPc molecules are one of the most widely studied classes of organic semiconductors,
the planar MPc molecules are typically employed in small molecule OPV devices and the
non-planar MPcs have garnered interest in OPV and OTFT device applications due to their
modiﬁed optical absorption proﬁles and frontier energy level positions. [36, 38] The structure
and the intermolecular distances within crystalline MPcs has been shown to aﬀect charge
transport in single crystals and thin ﬁlms. The structure of organic crystals is determined
by weak van der waals (VdW) forces which can be inﬂuenced by the application of external
stimuli (such as heat and magnetic and electric ﬁelds) during organic crystal growth.[92, 31]
It has also been observed that chemical modiﬁcation of the substrate can inﬂuence these
VdW forces and drastically change the structure and properties of these MPc layers.[93]
The use of elevated substrate temperatures during growth is a technique which has been
widely employed in the ﬁeld of inorganic semiconductor growth and is one of the easiest to
implement in the growth environment. There has been a variety of studies carried out on
the eﬀects of elevated substrate temperatures during growth on the crystals of planar MPcs
however there have been few extensive studies undertaken with regards to the non-planar
MPcs.
Modifying the chemical structure of the substrate, through the use of a structural templating
layer is also often used to control the structure and properties of the MPcs. Thin organic
and inorganic templating layers have to this end been widely used to enhance OPV device
parameters.[94, 95, 66] One prominent example of this is the use of CuI as an interlayer be-
tween the MPc active layer and the ITO electrode.[96, 58] Although the eﬀects of structural
templating and heated deposition on organic ﬁlms are independently well established, the
eﬀects of their combination have received very little attention.
In this chapter the eﬀect of substrate temperature (Tsub) on the crystal structure and mor-
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phology of non-planar MPc ﬁlms is explored. Thin ﬁlms of VOPc and ClAlPc are grown
onto oxidised silicon (SiO2) at various substrate temperatures and the resulting thin ﬁlm
morphology and structure is probed using AFM and XRD respectively. In this work the
crystal structure of VOPc is redetermined and the new structure is used throughout to in-
dex the XRD patterns of the VOPc ﬁlms discussed.
Thin ﬁlms of polycrystalline CuI have previously been used as a structural templating layer
for the planar MPc molecules. In this work the eﬀects of this templating layer on the struc-
ture and morphology of VOPc and ClAlPc is investigated and the use of elevated substrate
temperatures in conjunction with this structural templating is explored as a method to
control structure and morphology of the MPc thin ﬁlms.
3.1 Single crystal structures of non-planar phthalocyanines
3.1.1 Vanadyl phthalocyanine (VOPc)
The ﬁrst reported crystal structure of VOPc was solved in 1980 by Ziolo et al. [48] A large
amount of XRD experiments were carried out in this work and in light of recent publications,
on diﬀerent phthalocyanine molecules, where the existing crystal structures were found to
be incorrect it was deemed prudent to check the Ziolo VOPc structure.[68] Block like single
crystals of VOPc were grown, using cycles of thermal gradient sublimation, and the largest
crystal (100 x 50 x 50 µm) was used for single crystal XRD experiments. The resulting
structure (CCDC No. 1017243) is very similar to the previously published structure. It has
an improved R factor and there are slight changes in some of the C-H bond angles and lattice
spacings. In addition to this the current crystallographic conventions dictate that the cell be
indexed using the reduced cell, this was not the case when the previous structure was solved.
Redetermination of the structure has ensured an accurate assignment of Miller indices to the
Bragg reﬂections observed in the diﬀraction experiments.
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Figure 18: Comparison of the previously published VOPc single crystal structure and the
structure redetermined in this work. The upper panels show a view down the longest axis
of the unit cell. The parameters are shown below. Figure is a modiﬁed version of that
published in reference. [3]
3.1.2 Chloroaluminium phthalocyanine (ClAlPc)
The ﬁrst (and only) reported crystal structure of ClAlPc was solved in 1984 by Wynne.[2]
As with VOPc attempts were made to grow single crystals of this MPc molecule to carry
out single crystal diﬀraction measurements, however unlike with VOPc numerous attempts
to grow suitable single crystals were unsuccessful. XRD data of ClAlPc thin ﬁlms have been
indexed according to this structure however its high R-factor and the issues associated with
its solving raise questions about its accuracy.
The morphology and structure of thin ﬁlms of these non-planar MPc molecules on SiO2was
probed using AFM and XRD respectively and discussed below. XRD measurements were
carried out using lab based diﬀractometers and as a result the MPc ﬁlms investigated needed
to have thicknesses in the range of tens of nm for diﬀraction to be observed. The phthalocya-
nine molecules are mostly comprised of carbon and nitrogen atoms and typically the central
moeity is the strongest scatterer of x-rays in the molecule. Diﬀraction is regularly observed
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in MPc ﬁlms of 50 nm thicknesses and greater, therefore the MPc ﬁlms discussed in this
chapter are all of a 50nm thickness.
3.2 Thin ﬁlms of VOPc on oxidised silicon
The morphology of 50 nm VOPc ﬁlms grown on to room temperature SiO2 substrates (growth
rate of 0.3 Ås-1) can be seen in Figure 19b. This AFM image shows a ﬁlm which exhibits full
coverage of the substrate with spherical grains of VOPc, roughly 100 nm in diameter and ex-
hibiting no discernible features (such as faceting). As such the ﬁlms also have low Rq values
(3.4 nm). This growth morphology is similar to that of many other MPc molecules grown at
room temperature on inert substrates.[97] No peaks are observed in XRD patterns of these
samples (Figure 19a). XRD patterns of planar MPc thin ﬁlms, grown on to room temper-
ature substrates, often consist of a single peak corresponding to the (100) reﬂection which
makes the lack of diﬀraction peaks present in the VOPc XRD pattern interesting.[55, 98, 60]
As the AFM image has well deﬁned grains visible it seems unlikely that the VOPc thin ﬁlm
is amorphous and this is the cause of the lack of diﬀraction. It may be possible that the lack
of diﬀraction from the VOPc thin ﬁlm is a result of the very small grain size which would
produce very narrow peaks. The limitations in the step size for the diﬀractometer would
then be responsible for the lack of visible diﬀraction. It is also possible that the grains of
VOPc may have crystallographic orientations which are only visible when in-plane diﬀrac-
tion measurements are carried out.Without further experiments it is not possible to do more
than speculate on the cause of this lack of diﬀraction.
Increases in MPc grain size and ﬁlm crystallinity have previously been observed when de-
posited with an elevated substrate temperature.[99, 100, 101] In an attempt to promote
crystallinity this methodology was applied to VOPc thin ﬁlm growth. The thin ﬁlm growth
parameters described above were used to grown ﬁlms of VOPc on SiO2 at an intial Tsub= 135
°C. The morphology and structure of the resulting ﬁlm was signiﬁcantly diﬀerent from that
of those grown at an ambient substrate temperature. The grains of VOPc have developed a
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more deﬁned triangular shape and are slightly larger than those previously observed, 19d, as
a result of this the roughness of the sample is larger (12.9 nm). The change in morphology
between the identical ﬁlms grown at diﬀerent substrate temperatures is accompanied by a
change in the observed XRD pattern. Figure 19c shows 2 peaks at 2θ = 7.6 and 28.6 ° which
can be indexed to the (001) and (22¯1) planes of VOPc. The observed peaks are broad and
not particularly well deﬁned.
Figure 19: (a) XRD pattern and (b) AFM topography image of 50 nm VOPc/SiO2 grown
at a substrate temperature of 25 °C, (c) XRD scan and (d) AFM topography image of 50
nm VOPc/SiO2 grown at a substrate temperature of 135 °C.
The trend towards increasing roughness and grain size is seen with increasing substrate
temperature. Thin ﬁlms of VOPc grown at Tsub = 155 °C, 175 °C and 195 °C, seen in
Figures 20 and 21 (Rq values of 25.7, 58.9 and 73.8 nm respectively) all show the triangular
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crystallite morphology initially observed in the VOPc ﬁlm grown at Tsub = 135 °C. The
structure of the ﬁlms grown at these higher substrate temperature remains the same with
increasing substrate temperature however in the ﬁlms grown at Tsubequal to and above 155
°C the second order (002) Bragg peak is visible. The width of the peak corresponding to the
(001) plane has reduced and the peaks are all more deﬁned.
Figure 20: (a) XRD pattern and (b) AFM topography image of 50 nm VOPc/SiO2 grown
at a substrate temperature of 155 °C, (c) XRD scan and (d) AFM topography image of 50
nm VOPc/SiO2 grown at a substrate temperature of 175 °C.
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Figure 21: (a) XRD pattern and (b) AFM topography image of 50 nm VOPc/SiO2 grown
at a substrate temperature of 195 °C.
Although the VOPc thin ﬁlms grown at the presented substrate temperatures possess
similarities in their measured out-of-plane structure, morphologically the ﬁlms show subtle
diﬀerences. There is a clear increase in grain size with increasing substrate temperature and
with this an increase in the Rq. This becomes most noticeable in the samples grown at the
highest substrate temperature, Tsub= 195 °C, where some diﬃculties were encountered in
imaging the surface as some of the features of the ﬁlm were very high relative the surface
of the SiO2. There were also issues with imaging the ﬁlms of VOPc grown at room temper-
ature. The very small grains of VOPc are sticky and have a tendency to cause features
which are elongated or appear to show drift in the image. Although many AFM instruments
use tube scanners to control the x- and y-directions of the scanning, which can often lead
to drift in AFM images, the Asylum AFM instrument used in this work has independent x-
and y- piezo sensors and operates in a closed feedback loop resulting in almost no drift in
the images produced. It is therefore quite safe to assume that the features appearing in the
room temperature VOPc samples are a result of the material itself and not the instrument.
The crystal structure of VOPc can provide an indication of what the two peaks present in the
XRD patterns relate to, in terms of the relative molecular orientation of VOPc to the surface,
Figure 22. The (001) reﬂection has the highest structure factor in the structure and suggests
63
the molecules are adopting an almost standing-up orientation relative to the surface of the
SiO2 and the presence of the (002) reﬂection in some of the diﬀractograms suggests that there
is a high degree of this orientation present within the VOPc ﬁlms. The presence of the (22¯1)
plane suggests that the molecules orient themselves normal to the surface. The experimental
geometry used in these XRD measurements can only probe planes which are parallel to the
surface therefore there may be additional orientations of VOPc present within these samples
which do not result in observed diﬀraction. To probe the samples for additional orientations,
in-plane diﬀraction measurements would be required, for example GIXD.
Films of VOPc discussed from this point on within this work grown at an elevated substrate
temperature are grown at 155 °C. This substrate temperature produced ﬁlms which exhib-
ited intense diﬀraction peaks, uniform morphology and were easily characterised. There were
no changes in structure in the ﬁlms grown above this substrate temperature and therefore
this temperature could be considered an accurate representation of VOPc ﬁlms grown at an
elevated substrate temperature.
Figure 22: Schematic of the relative molecular orientations of VOPc on SiO2.
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3.3 Thin ﬁlms of ClAlPc on oxidised silicon
Equivalent ﬁlms of ClAlPc were prepared and their structure and morphologies probed in
the same way as described above for the VOPc ﬁlms. These samples had the same thick-
ness, substrate temperatures and rate of growth (0.3 Ås-1). The ClAlPc samples prepared
at ambient substrate temperature are morphologically very similar to the equivalent VOPc
ﬁlm. AFM images show a continuous ﬁlm comprised of small (<100 nm) spherical grains
with a low Rq of 3.5 nm, Figure 23b. XRD measurements of these ﬁlms also showed a
lack of diﬀraction peaks. The diﬃculties with imaging the surface of the ﬁlm which were
experienced with the ambient VOPc ﬁlms were also experienced with these ClAlPc ﬁlms.
At an increased substrate temperature of 135 °C there is a slight change in the morphology
of the ClAlPc ﬁlm. The grains appear more square and their size has slightly increased, the
roughness of the ﬁlm has also increased to 11.4 nm. The measured diﬀraction pattern for
this system is featureless which is rather unusual as the AFM images show relatively large,
well-deﬁned grains.
As the substrate temperature is further increased to 155 °C the ClAlPc grains increase in
size and the squareness of the grains is increased (Figure 24). This is reﬂected in an in-
crease in the roughness of the ﬁlm (26.8 nm). Unlike the samples grown at lower substrate
temperatures, the corresponding diﬀraction pattern show peaks which, using the current
crystal structure for ClAlPc, can be assigned to the (001) and (004) Miller planes. These
peaks are not very well deﬁned and the signal to noise ratio of the scan is quite high. The
presence of the (001) and (004) planes but not the (002) and/or (003) planes is unusual and
according to the crystal structure neither the (002) or (003) plane are systematic absences.
The structure factors of the (001) and (004) planes are very similar and large, the (003) plane
has a structure factor which is an order of a magnitude smaller and the (002) plane has a
very low structure factor (several orders of magnitude smaller than that of the (001)/(004)).
It is therefore possible that the (002) and (003) planes are not observed due to their low
structure factor values.
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Figure 23: (a) XRD pattern and (b) AFM topography image of 50 nm ClAlPc/SiO2 grown
at a substrate temperature of 25 °C, (c) XRD pattern and (d) AFM topography image of 50
nm ClAlPc/SiO2 grown at a substrate temperature of 135 °C.
This unusual behaviour continues in samples grown at substrate temperatures = 175 °C
(Figure 24) with only the (004) plane observed in these XRD patterns, the (001) plane is
no longer observed. Morphologically the samples are very similar to those grown at Tsub=
155 °C and even have a similar roughness (28.1 nm). The (001) and (004) are in the same
family of Bragg peaks and have similar structure factor values so observing one and not
seeing the other (particularly when they have both been observed in other samples) seems
highly unlikely. As there are uncertainties regarding the accuracy of the crystal structure a
reasonable explanation would be that the peak assignment, of the crystal structure, is not
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correct and that the peaks which have been assigned as the (001) and (004) are not in fact
in the same family of Bragg peaks.
Figure 24: (a) XRD pattern and (b) AFM topography image of 50 nm ClAlPc/SiO2 grown
at a substrate temperature of 155 °C, (c) AFM height image and (d) XRD scan of 50 nm
ClAlPc/SiO2 grown at a substrate temperature of 175 °C.
The ClAlPc ﬁlms grown at a substrate temperature of 195 °C has a diﬀerent morphology
to all the ClAlPc ﬁlms described. Instead of a ﬁlm with complete coverage over the SiO2
surface there are ClAlPc islands with 2 distinct morphologies; one which is a simple rect-
angular shape and the other which is more dendritic. The isolated islands suggest that at
this substrate temperature the sticking coeﬃcient of ClAlPc is greatly reduced and therefore
it is energetiucally more favourable for the ClAlPc molecules to bind on to existing ClAlPc
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islands than nucleating new ones. The increase in the roughness of the ClAlPc ﬁlm (to 51.6
nm) is in good agreement with this. Structurally these islands also show diﬀraction from the
peak which has been assigned as the (004) reﬂection.
Figure 25: (a) XRD pattern and (b) AFM topography image of 50 nm ClAlPc/SiO2 grown
at a substrate temperature of 195 °C.
The XRD data discussed above suggests that the current crystal structure of ClAlPc
should be used with caution however despite numerous attempts it has not been possible to
grown a single crystal of suitable quality to redetermine the structure. Assuming the struc-
ture is correct, the ClAlPc ﬁlms which showed peaks in their XRD scans all exhibit only one
out-of-plane orientation, unlike VOPc which has two. This {001} orientation suggests that
the molecules are oriented with their molecular plane parallel to the surface of the SiO2 as
shown in the schematic in Figure 26. This orientation is quite diﬀerent from that seen in
the VOPc ﬁlms.
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Figure 26: Relative molecular orientation of ClAlPc on SiO2.
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3.4 Copper Iodide (CuI) thin ﬁlms as a templating layer
Initial studies on the use of copper iodide as a structural templating layer involved the use
of very thin (1 nm) ﬁlms with little structural characterisation.[102, 67, 66, 103] Later work
carried out by Rochford and co-workers focused on the use of thicker (15 nm) CuI layers and
through their work these structural templating layers were found to be (111) oriented when
grown at room temperature and elevated substrate temperatures on inert substrates.[68] The
morphology of these ﬁlms was also found to diﬀer between those ﬁlms grown on ambient and
elevated substrate temperatures.
3.4.1 CuI (111) thin ﬁlms
Figure 27: (a) XRD scan and (b) AFM topography image of 30 nm CuI grown on SiO2at
Tsub= 25°C. Reproduced from reference [3].
In this work 30 nm ﬁlms of CuI were prepared at both ambient and elevated substrate tem-
peratures at a growth rate of 0.3 Ås-1. Figure 27 shows the corresponding XRD and AFM
data for the CuI ﬁlm grown at Tsub= 25°C. The morphology of the ﬁlm is comprised of small
spherical grains, suggesting a high degree of polycrystallinity, smaller than 20 nm in diameter
with a low surface roughness (Rq= 0.7 nm). XRD measurements show the ﬁlm to produce
one broad peak at 2θ= 25.5 ° which corresponds to the (111) lattice spacing of CuI (ICSD
no. 23990). This morphology and out-of-plane structure was found to be in agreement with
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the work by Rochford and co-workers.
In addition to this ﬁlms of the same thickness were grown at an elevated Tsub= 155°C, diﬀer-
ing from the Tsub= 200°C used in the work by Rochford and co-workers. The morphology of
these ﬁlms was starkly diﬀerent to that of those grown at room temperature, Figure 28 shows
the corresponding AFM image where the CuI grains appear considerably larger and have a
higher roughness (Rq = 6.3 nm). Only {111} type reﬂections were observed in corresponding
XRD patterns. The peak corresponding to the (111) plane is well deﬁned, narrower than
that observed in the room temperature ﬁlm and has well deﬁned Laue fringes. Pole ﬁgure
measurements were carried out on this ﬁlm grown at an elevated substrate temperature to
gain more information about the crystallinity of the CuI ﬁlm. For these measurements 2θ=
25.4 ° and φ and ψ were measured in the range of 0 - 360 ° and 0-80 ° respectively. The
pole ﬁgure shown in Figure 29 shows a single peak with its intensity centered around ψ= 0°.
This conﬁrms the CuI ﬁlms to be highly oriented in the {111} reﬂection out of the substrate
plane.
These (111) oriented CuI thin ﬁlms grown at ambient and elevated substrate temperature
were those used as structural templating layers for VOPc and ClAlPc.
Figure 28: (a) XRD pattern and (b) AFM topography image of a 30 nm ﬁlm of CuI grown
on SiO2 at Tsub= 155 °C. Reproduced from reference [3].
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Figure 29: Pole ﬁgure of 30 nm CuI grown on SiO2 at Tsub= 155 °C. Measurement was carried
out at 2θ = 25.4 ° which corresponds to the (111) diﬀraction plane of CuI. Reproduced from
reference [3].
3.5 Structurally and morphologically templated thin ﬁlms of VOPc
On to the CuI thin ﬁlms, deposited onto ambient and elevated temperature substrates,
thin ﬁlms of VOPc were grown without breaking vacuum and exposure to air. The bilayer
system of VOPc/CuI was either grown with all layers at an ambient or an elevated substrate
temperature. Figure 30a and b show the typical XRD pattern and AFM image corresponding
to the 50 nm VOPc ﬁlms which were grown at Tsub= 25 °C. The AFM image shows a uniform
morphology composed of small spherical grains with a low Rq of 3.6 nm. The morphology
is very similar to that of a VOPc or CuI thin ﬁlm grown at ambient substrate temperature.
Despite the similarity in morphology of this VOPc ﬁlm to that of one grown as a single layer
on SiO2 (Figure 19) the measured XRD pattern shows that there has been a clear change in
the structure of the ﬁlm with a peak present at 2θ= 26.2 °. This peak is previously unseen
in the work detailed above of VOPc/SiO2 suggesting that the CuI layer has modiﬁed the
growth of VOPc.
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Figure 30: (a) XRD pattern and (b) AFM topography image of 50 nm VOPc grown on 30
nm CuI/SiO2 at Tsub= 25 °C and (c) XRD pattern and (d) AFM topography image of 50
nm VOPc grown on 30 nm CuI/SiO2 at Tsub= 155 °C.
Growth modiﬁcation is also visible in the samples of VOPc/CuI grown at elevated sub-
strate temperatures. AFM images (Figure 30d) show a highly unusual morphology, quite
diﬀerent from that observed in elevated substrate temperature growth of VOPc/SiO2. The
grains of VOPc are two distinct shapes; large rectangular grains (up to 2 µm in length) and
smaller more circular grains. The surface roughness of these ﬁlms is also considerably larger
with typical values of Rq= 23 nm. In addition to a change in morphology there is a clear
change in the structure of the ﬁlms. Three peaks are visible, in the XRD pattern, corre-
sponding to the VOPc layer (at 2θ= 12.9 °, 26.2 ° and 28.6 °) with only the peak observed
at 2θ = 26.2 ° having been observed in the identical sample grown at ambient substrate
temperature. Using the crystal structure discussed at the beginning of this chapter these
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peaks could be assigned to the following Miller planes: 12.9 °, 26.2 ° and 28.6 ° correspond
to the (011¯),(13¯2¯) and (22¯1) respectively.
The XRD measurements presented in this work are carried out in the Bragg-Brentano geom-
etry, measurements in this arrangement are only sensitive to diﬀraction which occurs from
planes near-parallel to the surface. With this in mind and using a high quality, accurate crys-
tal structure it is possible to get an estimate of the molecular orientations which correspond
to out-of-plane diﬀraction. The peak which corresponds to the (13¯2¯) plane is almost normal
to the molecular plane and is present in both of the VOPc/CuI systems. This suggests that
the VOPc molecules adopt a standing-up orientation relative to the CuI (111) surface.
This orientation is very diﬀerent to that of previously reported planar MPc molecules on
CuI which have been shown to adopt a lying-down orientation.[66, 3, 58] The additional
Miller planes present in the diﬀractogram corresponding to the VOPc/CuI samples grown at
an elevated substrate temperature, the (011¯) and (22¯1), suggest additional molecular orien-
tations are also present in these samples. The (22¯1) orientation has a very similar molecular
tilt angle to the (13¯2¯) orientation and suggests that there is an additional orientation of the
molecules lying perpendicular to the surface. Whereas the (011¯) plane suggests that there
are crystalline regions of the VOPc molecules where the molecular plane is tilted more closely
towards the surface at an approximate angle of 44°. Schematics of these orientations can be
seen in Figure 31.
The presence of 3 distinct peaks in the XRD pattern would suggest that there are 3 distinct
orientations of VOPc present however if Miller planes are close enough to each other in real
space it is sometimes possible to observe diﬀraction from planes as a result of the experimen-
tal geometry and not due to their presence. To test if the planes observed in these VOPc
ﬁlms were a result of the experimental geometry a stereographic projection was constructed.
The sterographic projection which shows the Miller planes in real space, Figure 32, shows
that the three planes (011¯),(13¯2¯) and(22¯1) are far enough away from each other in real space
so that they must be a result of the preferential orientation of the VOPc molecules into 3
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distinct orientations. In addition to this these peaks all have small structure factors in the
single crystal structure and therefore there must be a high degree of orientation within the
VOPc ﬁlms.
Figure 31: Relative molecular orientations of VOPc on CuI(111) thin ﬁlms on SiO2.
Figure 32: Stereographic projection of the crystallographic planes present in VOPc/CuI
bilayers, in direct space. Filled poles and thick traces represent those in the upper hemi-
sphere; hollow poles and thin lines represent those in the lower. Alongside the projection are
schematics of the relative molecular orientations seen in these bilayers. The same unit cell is
shown in all cases and the planes, of which there are peaks observed in XRD, are indicated
with coloured lines and labelled.
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3.6 Structurally and morphologically templated thin ﬁlms of ClAlPc
As stated above for the VOPc ﬁlms, 50 nm thin ﬁlms of ClAlPc were grown on to 30nm
CuI thin ﬁlms sequentially without breaking vacuum and exposing them to air. The bilayer
system of ClAlPc/CuI was either grown with all layers at an ambient or an elevated substrate
temperature.
Figure 33: (a) XRD pattern and (b) AFM topography image of 50 nm ClAlPc grown on 30
nm CuI/SiO2at Tsub= 25 °C and (c) XRD pattern and (d) AFM topography image of 50
nm ClAlPc grown on 30 nm CuI/SiO2at Tsub= 155 °C.
The behaviour of ClAlPc when grown at ambient substrate temperature on CuI (111)
is similar to that of VOPc with AFM images showing a ﬁlm comprised of small spherical
grains with a low Rq = 3.5 nm. The morphology of these ﬁlms is also similar to those ClAlPc
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ﬁlms grown at room temperature onto oxidised silicon. Thin ﬁlm XRD measurements of this
ambient ClAlPc/CuI bilayer system shows one peak corresponding to the (041¯) plane of
ClAlPc. This orientation was not previously observed in the diﬀraction patterns of ClAlPc
ﬁlms grown on SiO2 suggesting a change in orientation due to the CuI layer. The relative
molecular orientation of ClAlPc suggested by the presence of this (041¯) plane is shown in
Figure 34 and suggests that the molecules are standing up. This is quite diﬀerent from the
lying-down orientation suggested to be adopted by the ClAlPc molecules on bare SiO2.
The ClAlPc/CuI bilayer system grown at an elevated substrate temperature is morphologi-
cally and structurally diﬀerent from the same system grown at room temperature. The AFM
image shown in Figure 33d shows that in the place of spherical grains, larger rectangular
islands have formed. The ﬁlm of these rectangular grains has a considerably larger Rq of
27.4 nm than its room temperature counterpart and the morphology appears similar to those
observed in the ﬁlms of ClAlPc/SiO2 grown at a Tsub= 195 °C. Figure 33c shows the XRD
pattern for the elevated substrate temperature bilayer where the peaks corresponding to the
ClAlPc layer can all be assigned to the {111} family of Miller planes. The presence of this
family of planes would suggest a relative molecular orientation in between lying-down and
standing-up as shown in Figure 34. It is interesting to note that the (041¯) plane which was
observed in the same bilayer structure grown at Tsub=25 °C is not observed.
Figure 34: Relative molecular orientations of ClAlPc on CuI (111) thin ﬁlms on SiO2.
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The peaks present in the XRD pattern are unusual, the (111), (222) and (444) planes
are visible, with the (222) peak being the most deﬁned with the highest intensity, the peak
corresponding to the (333) plane is not observed. According to the crystal structure the
(111) plane has a structure factor double that of the (222) plane, it therefore seems unusual
that the (222) peak is so much more intense than the (111) peak. There are 3 potential
explanations for the structural behaviour of ClAlPc, not only on CuI but also in the work
discussed earlier in the chapter:
1. The reported crystal structure is accurate and the structural behaviour of ClAlPc is
simply quite diﬀerent from that of other phthalocyanine molecules. This could be
likely as the various phthalocyanines behave quite diﬀerently and also there are clear
structural diﬀerences between the non-planar phthalocyanines and the planar phthalo-
cyanines. It therefore does not seem that unlikely that having a diﬀerent chemical
moiety in the centre of the phthalocyanine ligand, one which causes the molecule itself
to have a diﬀerent structure (non-planar vs. planar), could cause signiﬁcant diﬀerences
in the structure of the molecule relative to other non-planar molecules.
2. The assignment of the peaks to the Miller planes within the crystal structure are correct
however the structure factors are not. In this case the structural behaviour of ClAlPc
in the CuI bilayer system and when grown on SiO2 at Tsub= 155 °C would make more
sense if the observed peaks in both cases had more/less intense structure factors. This
could explain why in the case of ClAlPc/SiO2 at Tsub= 155 °C diﬀraction from the
(002) and (003) planes are not observed, and why the (333) plane is absent in the
elevated temperature ClAlPc/CuI system.
3. The reported crystal structure is wrong and the peak assignments and structure factors
are wrong. If this were the case then in the ClAlPc/CuI bilayer system and the growth
of ClAlPc/SiO2 (both with a Tsub of 155 °C) where the peaks have been assigned as
being from the same Miller plane families, {111} and {001} respectively, these peaks
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could in fact be very diﬀerent reﬂections which are not related. This would then
account for the unusual absences and relative peak intensities.
To determine which of these arguments is correct the crystal structure of ClAlPc needs to
be redetermined, although multiple attempts to do this have been made this experiment is
an important step towards understanding the structural behaviour of ClAlPc.
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3.7 Conclusion
Thin ﬁlms of VOPc and ClAlPc were evaporated on to oxidised silicon at a range of sub-
strate temperatures. Films grown at room temperature were found to be comprised of small
spherical grains which were diﬃcult to image using AFM. XRD measurements of these ﬁlms
found no observable diﬀraction. Films grown at elevated substrate temperatures were found
to have larger grains which for VOPc were triangular and for ClAlPc rectangular. There
were clear diﬀerences in morphology with increasing temperatures. This diﬀerence in mor-
phology was reﬂected in the structure of the ﬁlms and VOPc ﬁlms were found to have more
than one orientation of VOPc present, ClAlPc ﬁlms were found to have one orientation of
the molecules present. For both molecules growth of their corresponding ﬁlms at elevated
substrate temperature resulted in ﬁlms with larger grains, more interesting morphologies
and visible peaks in lab based diﬀraction which allowed information about their structures
to be uncovered.
Despite their chemical similarites, VOPc and ClAlPc display diﬀerent thin ﬁlm structures
and morphologies when experiencing the same growth conditions. It is very interesting that
the central moiety has such a signiﬁcant impact on the behaviour of the molecules.
Structural templating using thin CuI (111) ﬁlms was demonstrated in both VOPc and ClAlPc
ﬁlms. CuI (111) thin ﬁlms were prepared at ambient and elevated substrate temperatures
and characterised. At ambient substrate temperatures CuI was found to induce one ori-
entation of VOPc and one of ClAlPc. The morphology of both systems was similar; small
spherical grains with a low Rq. XRD measurements suggest that both the VOPc and ClAlPc
molecules stand up on CuI thin ﬁlms when the system is grown at ambient substrate tem-
perature. This behaviour is quite diﬀerent from that shown for the planar MPc molecules
(FePc, ZnPc, CuPc) which have been grown onto a CuI structural templating layer. Thin
ﬁlms of planar MPc molecules on CuI layers have been shown to exhibit a single orientation
which corresponds to their molecular plane aligned parallel to the CuI. Growth of the same
systems at an elevated substrate temperature resulted in ﬁlms of VOPc and ClAlPc which
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had larger grains with rectangular symmetry. In the ﬁlms of VOPc/CuI additional smaller
spherical grains were also observed. Structurally diﬀraction measurements showed that these
VOPc ﬁlms were comprised of 3 distinct molecular orientations of VOPc, one of which was
observed in the VOPc/CuI ambient substrate temperature system and one which had been
observed in elevated substrate temperature growth of VOPc on SiO2. The structure of the
ﬁlms of ClAlPc was quite diﬀerent and diﬀraction was observed from the {111} Miller planes,
previously unobserved in any of ClAlPc ﬁlms discussed within this chapter.
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4 Thickness dependent morphology of VOPc and ClAlPc
on CuI ﬁlms and the use of single crystal CuI for VOPc
growth
The growth mechanisms of organic molecules during ﬁlm formation are an important fac-
tor in the determination of the physical properties of the corresponding ﬁlm. Much work
has been carried out investigating the thermodynamics and kinetics behind inorganic thin
ﬁlm growth and as such the ﬁeld is well established. Although the same general terms for
growth mechanisms are often used to describe organic thin ﬁlm growth the actual processes
underlying inorganic and organic thin ﬁlm growth are quite diﬀerent. Inorganic thin ﬁlms
are grown through the diﬀusion of single atoms whereas organic thin ﬁlms require diﬀusion
of molecules which, unlike single atoms, are anisotropic and can change their molecular con-
formation and orientation.[104] The ﬁeld of organic thin ﬁlm growth suﬀers from a dearth of
understanding of the mechanisms of organic thin ﬁlm growth, partly due to the complexities
of the component molecular systems and their interactions. Developing an understanding
of what determines speciﬁc growth morphologies and structures can enable the tailoring of
thin ﬁlm growth and the selection of speciﬁc physical properties of organic thin ﬁlms which
are attributed to the thin ﬁlm growth mode.
The inﬂuence of (111) oriented CuI thin ﬁlms on the structure and morphology of VOPc
and ClAlPc was explored in Chapter 3. These non-planar phthalocyanine molecules, despite
their similarities, exhibit strikingly diﬀerent morphological and structural features in thin
ﬁlms on identical polycrystalline (111) CuI surfaces. The morphological growth modes of
the two molecules are explored by examining the thickness-dependent evolution of the ﬁlms
using AFM.
In Chapter 3 the polycrystalline CuI thin ﬁlms, used as structural templates, are found to
be (111) oriented in the out-of-plane direction yet their in-plane orientation is essentially
random. Additional work, not discussed in this thesis, examined the growth of iron phthalo-
82
cyanine (FePc) on (111) oriented CuI islands and the presence of two polymorphs of FePc
were observed as a result of the presence of {100} crystal planes on the sides of the CuI
(111) orientated crystallites. By contrasting the behaviour of FePc on continous and island-
mophology CuI surfaces, this work showed the limitations of these polycrystalline ﬁlms.[71]
To provide a more ideal system with which to study the templating eﬀect of individual crys-
tal surfaces single crystals of CuI were grown from solution. The characterisation of these
single crystals is detailed using LEED, AFM and XRD measurements and they are employed
as structural templates for VOPc thin ﬁlms.[105]
4.1 Thickness dependent growth of VOPc on thin ﬁlms of CuI
Figure 35: AFM topography images of various thicknesses of VOPc on 30 nm CuI (111)/SiO2.
The MPc ﬁlm thicknesses referred to are nominal and based on QCM readings during de-
position. In Figure 35 AFM images of ﬁve VOPc ﬁlms with increasing thicknesses (1 nm,
2.5 nm, 5 nm, 10 nm and 25 nm) are shown. At the lowest ﬁlm thickness (1 nm) small
isolated islands of VOPc are observed on the CuI thin ﬁlm, and at 2.5 nm thick the number
and size of these islands has increased. At greater ﬁlm thicknesses (5 nm and above) these
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islands are larger and their coalescence is observed. The morphology of these islands has
become more pronounced at 5 nm with the islands comprising of square symmetry units.
The stark contrast of the VOPc islands to the CuI grains (visible in the images) suggests
that the VOPc is growing via the Volmer-Weber (island) growth mode and that there does
not appear to be a wetting layer of VOPc molecules forming.
Figure 36 is a plot of the Rq as a function of ﬁlm thickness; as the ﬁlm thickness of the VOPc
increases the corresponding Rq values also increase. This trend in roughness corroborates
the idea that the VOPc growth on CuI is occuring via the island growth mode, where the
exposed sides of growing crystals are responsible for the rapidly increasing roughness. When
Volmer-Weber ﬁlms are formed it is the interaction between the molecules themselves that is
the most energetically favourable, not the interaction between the molecules and the surface,
and it is this which causes the growth of islands. Multiple islands forming on a surface, with
bare areas of substrate, of varying size and shape result in high Rq values as is observed in
the VOPc ﬁlms of greater thicknesses.
Figure 36: Plot of RMS roughness of VOPc thin ﬁlms on 30 nm CuI (111)/ SiO2 as a function
of VOPc ﬁlm thickness.
To examine these islands more carefully cross-section height proﬁles were taken of all of
the AFM images. In Figure 37 the cross-section height proﬁles of both the 1 nm and 2.5
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nm VOPc ﬁlms are shown. The 1 nm VOPc sample has few islands present and the height
proﬁle shows VOPc islands which have an average height of 12 nm above the CuI layer. The
average height of the islands in the 2.5 nm VOPc sample is also 12 nm however there is a
far greater number of islands present. This lack of change in island height is reﬂected by
the similar Rq values of the two ﬁlms (3.42 nm vs. 3.95 nm). This increase in the number
of VOPc islands implies that although the molecule-molecule interaction is the most ener-
getically favourable the interaction between the molecules and the CuI layer is suﬃcient to
allow nucleation during growth.
Figure 38 shows the cross section height proﬁles of the 5 nm and 10 nm VOPc ﬁlms. The
islands of VOPc comprising the 5 nm ﬁlm have ripened and appear considerably larger than
those present in the 1 nm and 2.5 nm VOPc samples. The average height of the islands has
increased slightly to 16 nm, a feature reﬂected in the increase in roughness (Rq = 6.57 nm).
This trend continues and is more pronounced in the 10 nm VOPc sample where the islands
are larger, the roughness has increased (Rq = 11 nm) and the average island height is 22 nm.
Figure 37: AFM topography images of (a) 1 nm VOPc and (b) 2.5 nm VOPc on 30 nm
CuI/SiO2 with corresponding cross-section height proﬁles.
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Figure 38: AFM topography images of (c) 5 nm VOPc and (d) 10 nm VOPc on 30 nm
CuI/SiO2 with corresponding cross-section height proﬁles.
Figure 39: AFM topography image of (e) 25 nm VOPc on 30 nm CuI/SiO2 with correspond-
ing cross-section height proﬁle.
The height proﬁle of the 25 nm VOPc sample is shown in Figure 39 and also shows larger,
taller islands. The increased roughness (Rq = 18.2 nm) and increased island height (39 nm)
also follow the trend. As the thickness of the VOPc ﬁlms has increased ﬂattening of the
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AFM images has become more diﬃcult, for this reason some ﬂattening artifacts are present
in the AFM images shown in Figures 38 and 39.
4.2 Thickness dependent growth of ClAlPc on thin ﬁlms of CuI
Figure 40: AFM topography images of various thicknesses of ClAlPc on 30 nm CuI
(111)/SiO2.
In Figure 40 AFM images of ClAlPc ﬁlms, with nominal growing thicknesses (1 nm, 2.5 nm,
5 nm, 10 nm and 25 nm), that demonstrate the formation of ClAlPc layers on the CuI thin
ﬁlms are shown. At the lowest ﬁlm thickness (1nm) there are no discernable features (such
as islands) that can be attributed to the ClAlPc. The AFM image of the 1 nm VOPc ﬁlm
demonstrated that it was possible even at such low thicknesses to see the MPc layer suggest-
ing that perhaps the ClAlPc is not growing in islands and may be growing as a layer, unlike
the VOPc ﬁlms. At a slightly larger thickness (2.5 nm) the begining of layers of ClAlPc can
be observed forming over the grains of the CuI. These layers are more pronounced in the 5
nm ﬁlm where grains of ClAlPc can be seen to have formed directly over the grains of CuI
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and for each grain of CuI multiple smaller grains of ClAlPc appear to have grown on top. As
the ClAlPc ﬁlm thickness is then increased these ClAlPc grains become smaller and greater
in number. The coverage of the CuI grains and the lack of island-like features in the AFM
images of the ﬁlms suggests that the ﬁlms are forming through a growth mode which has
elements of layer growth. Initially (up to 5 nm thickness) the ﬁlm appears to be forming
through a predominantly layer growth mode then at greater thicknesses (10 nm and 25 nm)
it appears that onto these layers of ClAlPc, islands are forming hence the reduction in size of
the top of the ClAlPc grains (Stranski-Krastinov). A similar growth mode to this has been
observed of the ﬁlm growth of para-sexiphenyl (6P) on mica surfaces.[104]
Figure 41 corresponds to a plot of the Rq as a function of ﬁlm thickness. This graph shows
a diﬀerent trend to that observed in the VOPc roughness plot, whereas with VOPc a steady
increase in roughness was observed with increasing ﬁlm thickness the ClAlPc roughness val-
ues show a large jump between the Rq values of 1 nm and 2.5 nm ﬁlms (6.76 nm and 15.3
nm respectively) and the Rq values for the greater ﬁlm thicknesses 5 nm, 10 nm and 25 nm
are all approximately 15 nm (Rq = 14.5 nm, 16.9 nm and 14.5 nm respectively).
Figure 41: Plot of RMS roughness of ClAlPc thin ﬁlms on on 30 nm CuI (111)/SiO2as a
function of ClAlPc ﬁlm thickness.
As with the VOPc ﬁlms cross-section height proﬁles were taken of all the AFM images.
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In Figure 42 the line proﬁles for the 1 nm and 2.5 nm ClAlPc ﬁlms can be seen. Unlike the
line proﬁles of the VOPc ﬁlms on CuI it is not possible to distinguish between the ClAlPc
and CuI layers. This holds true for all the cross-section height proﬁles of the ClAlPc ﬁlms,
Figures 43 and 44. The morphology and trends in roughness suggest that there may be a
predominantly layer based growth mode at work.
Despite both ClAlPc and VOPc being non-planar phthalocyanine molecules there are clearly
signiﬁcant diﬀerences in their structural and morphological behaviour and this is reﬂected
in their diﬀerent growth behaviours on CuI.
Figure 42: AFM topography images of (a) 1 nm ClAlPc and (b) 2.5 nm ClAlPc on 30 nm
CuI/SiO2 with corresponding cross-section height proﬁles.
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Figure 43: AFM topography images of (c) 5 nm ClAlPc and (d) 10 nm ClAlPc on 30 nm
CuI/SiO2 with corresponding cross-section height proﬁles.
Figure 44: AFM topography image of (e) 25 nm ClAlPc on 30 nm CuI/SiO2 with corre-
sponding cross-section height proﬁle.
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4.3 Synthesis of single crystal CuI from solution
The cause of the structural templating eﬀect of copper iodide on the MPc molecules has not
yet been determined and in light of the behaviours of VOPc observed on CuI (111) thin ﬁlms
(discussed in Chapter 3) it seemed prudent to try and produce a model system in which the
interactions could be studied. Modern surface science experiments rely on the use of high
quality single crystals to probe relationships between surfaces and adlayers and although no
commercially available single crystals of copper iodide were available attempts were made to
grow single crystals for a model system.
Figure 45: Photograph showing the solution grown (111) oriented CuI crystals.
Initially attempts were made to grow single crystals of CuI using thermal gradient subli-
mation however the resulting materials were composed of very small (micron-scale) crystal-
lites. Work had been carried out on the solution based synthesis of single crystals of copper
iodide by Gu and co-workers and so the method reported by them was used as the basis for
the following single crystal growths.[72] There are no examples, prior to this work, in the
literature of LEED measurements on solution grown single crystals.
Initial (unsuccessful) crystal growth attempts were carried out as follows, ﬁrstly all glassware
was cleaned with concentrated nitric acid and deionised water. Acetonitrile was used as the
solvent and glass vials with 5 ml of the solvent were stirred and heated on a Corning Pc-420D
hot plate to 60°C. Once the solvent had reached the desired temperature, monitored using
a temperature probe, 3g of CuI was added to the solvent to create saturated solutions. The
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solutions were left heating and stirring for 1h to ensure that the solutions formed were in-
deed saturated. The solutions were then ﬁltered using 0.22 µm PVDF syringe ﬁlters (Millex
Durapore) and placed into a clean Pyrex crystallising dish which was placed back on the
hotplate, set to 60°C, and left uncovered in a clean and vibration free area of the lab. After
24h the solvent was found to have fully evaporated and light brown crystals were present in
the vial. These crystals resembled those reported by Gu and co-workers. To establish the
nature of these crystals single crystal XRD experiments were carried out. These measure-
ments showed that the crystals were the acetonitrile complex of CuI, the structure of which
has been previously reported (CCDC No. ZEGRIM01 and ZEGRIM03).[106] The presence
of this complex suggests that it plays a role in the solubility of CuI and with the relative
speed of the crystals forming it may be that this complex is kinetically the most favourable
option. With this in mind additional slower crystallisation attempts were carried out using
the same procedure are described above except that after ﬁltration of the solutions they were
placed into a clean Pyrex crystallising dish which was then covered with Paraﬁlm (pierced at
a single point with a syringe needle). This dish was then placed back on to the hotplate, set
to 60°C and left in a vibration free area of the lab for 168 h. The covering of the crystallising
dish decreased the rate of solvent evaporation and resulted in crystals which were mostly
transparent with a slight yellow tinge as can be seen in Figure 45.
4.4 Characterisation of single crystal CuI
To determine if the prepared crystals were in fact single crystals diﬀraction measurements
were caried out. The crystals were approximately 1-4mm in size and as such single crystal
XRD was not possible on these crystals however XRD and LEED measurements were used.
The top faces of the crystals exhibited a hexagonal or triangular growth habit indicative of
expression of threefold or sixfold planar symmetry which suggests a (111) orientation for the
zinc-blende structure of CuI. The crystals were mounted on to Ta sample plates, with the top
face of the crystals being that which was believed to be the (111) face, and loaded into UHV
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where diﬀraction patterns were carried out without any surface preparation. LEED patterns
measured at 62eV, shown in Figure 46, showed a hexagonal arrangement of spots consistant
with a 1 x 1 (111) pattern and no visible spots at lower energies. This pattern is consistant
with the expected pattern for a (111) oriented single crystal. If the LEED measurements
were undertaken on crystals which were polycrystalline then splitting of the specular beam
and rotational domains would be expected in the pattern.[107] Similarly if the crystal were
twinned this would be apparent in a splitting of the specular beam and additional spots in
the LEED pattern relating to the real space position of the twins.[82]
Figure 46: Photograph (a) showing the solution grown (111) oriented CuI crystals with (b)
representative LEED pattern (beam energy of 62 eV) and (c) XRD pattern.
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XRD measurements of the crystals were recorded, in ambient air, and after careful align-
ment to the surface normal {111} reﬂections were observed (Figure 46). In air AFM mea-
surements were also carried out and showed that the (111) faces were ﬂat with 60° rotational
symmetry in their step arrangement (Figure 47). The combination of these observations
shows that the single crystals grown from solution are of a high quality and are in possession
of large (111) surfaces. These crystals are therefore an ideal surface for studies of the eﬀect
of structural templating.
Figure 47: AFM topography images of the solution grown (111) oriented CuI single crystals.
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4.5 Templating eﬀects of single crystal CuI on VOPc
Figure 48: LEED patterns of CuI crystal measured at 62eV before (a) and after (b) annealing
at 155°C for 1h in UHV.
As growth of VOPc on these CuI surfaces was to be investigated when the samples were
prepared at an elevated substrate temperature an initial control experiment was carried out.
A CuI crystal was heated at 155°C for 1h in UHV and LEED measurements were carried
out after heating to determine any changes to the surface structure. The diﬀraction patterns
shown in Figure 48 are unchanged by heating suggesting no change in the surface structure
in agreement with previous studies on high temperature templating.[3]
Figure 49: AFM topography images of 50nm VOPc / CuI (111).
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Thin ﬁlms of VOPc (50 nm) were then evaporated onto these CuI surfaces at a rate of
0.3 Ås-1 and an elevated substrate temperature of 155°C. AFM measurements were carried
out to examine the surface morphology and are shown in Figure 49. The images show an
isolated island morphology consistant with the growth behaviour of VOPc previously dis-
cussed in this chapter and suggesting a Volmer-Weber growth mode.[40] The islands of VOPc
show combinations of square symmetry with each edge appearing close to orthogonal to its
nearest neighbouring edge. There is only one distinct morphology of these islands, a feature
quite diﬀerent from the equivalent ﬁlms of VOPc grown on polycrystalline CuI thin ﬁlms
(discussed in Chapter 3) where multiple morphologies are observed.
Figure 50: XRD pattern of (a) 50nm VOPc / CuI (111) and (b) the bare crystal.
Diﬀraction patterns of the VOPc ﬁlms on the CuI crystals diﬀer from that of the bare
CuI crystals in the presence of an additional peak which can be indexed to the (13¯2¯) plane
using the VOPc single crystal structure (Figure 50). This would suggest a single orientation
of VOPc a schematic of which is shown in Figure 51. To determine if a single orientation
of VOPc was present a Rietveld reﬁnement was carried out on the VOPc/CuI diﬀraction
data using the Topas Academic V4 software. [108] The CuI and VOPc data were both ﬁtted
with March-Dollase preferred orientation using a March factor of 0.001 (corresponding to
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99.9% orientation) around the CuI (111) and VOPc (13¯2¯) directions respectively (Figure
52).[109, 110] The lack of any other peaks which would be expected from the isotropic VOPc
powder pattern conﬁrms that the VOPc ﬁlm is singly oriented.
In Chapter 3 multiple orientations and crystallite morphologies were observed for VOPc on
a polycrystalline CuI surface. In this work on a (111) single crystal CuI surface a single
molecular orientation and morphology of VOPc islands has been observed. Although not
an exhaustive investigation this comparison suggests that the additional morphological fea-
tures observed on polycrystalline (111) CuI are due to additional crystallite orientations.
In addition to this there is an implication that the presence of grain boundaries and other
macroscopic defects which are present in polycrystalline thin ﬁlms promote the additional
VOPc orientations which are solely present on the polycrystalline surfaces.
Figure 51: (a) A schematic of the inferred molecular orientation, with respect to the surface,
of VOPc on CuI (111) and (b) an expanded view of the XRD pattern around the (111) peak
of CuI.
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Figure 52: Rietveld reﬁnements of VOPc ﬁlm. (a) shows the raw data (+) and ﬁts to the
CuI (red) and VOPc (black) peaks. (b) shows a simulation of an isotropic VOPc powder
patten without preferred orientation (March factor of 1) for comparison.
4.6 Conclusions
AFMmeasurements were carried out on thin ﬁlms of two non-planar phthalocyanine molecules
(ClAlPc and VOPc) grown on CuI (111) polycrystalline ﬁlms at elevated substrate temper-
atures. The growth behaviours of the two diﬀerent molecules at a range of thicknesses were
investigated using AFM and growth modes for both have been suggested. VOPc adopts a
Volmer-Weber growth mode on CuI (111), in contrast ClAlPc most likely adopts a Stranski-
Krastinov type growth mode on the CuI (111) ﬁlms. Although the molecules are both
non-planar phthalocyanines they exhibit very diﬀerent growth behaviours on this structural
templating layer.
High quality CuI single crystals were grown from solution and characterised using diﬀraction
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techniques and AFM. These crystals were found to have a large ﬂat (111) faces upon which
thin ﬁlms of VOPc were grown at an elevated substrate temperature. The single morphology
and crystallographic orientation of the resulting VOPc islands was diﬀerent from the mul-
tiple morphologies and orientations previously observed on polycrystalline CuI (111) ﬁlms.
The lack of these additional morphological and structural features has been attributed to
the lack of grain boundaries and defects on the CuI single crystal. This work shows the ﬁrst
example of a diﬀraction pattern collected from a solution grown single crystal and is also the
ﬁrst example of a structural templating study carried out on a single crystal.
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5 The many faces of ZnO: the eﬀects of polar surfaces on
the growth of VOPc thin ﬁlms
In this chapter the eﬀects of polar ZnO surfaces on the structure of VOPc thin ﬁlms is
investigated. The (0001) surface of ZnO can be either oxygen of zinc terminated and the
eﬀects of this surface termination is studied. This is then contrasted with the behaviour of
VOPc on a mixed termination (101¯0) ZnO surface. These ﬁlms of VOPc are all grown at
elevated substrate temperature and at a number of diﬀerent thicknesses.
5.1 Zinc Oxide (ZnO)
Surface chemistry and symmetry has been shown to aﬀect the structure and morphology
of thin ﬁlms of MPc molecules deposited atop. Much of the research in this area has been
carried out on single crystal metal surfaces such as Au, Ag and Cu. [111, 112, 113, 114]
Although metals are often used as electrodes in organic electronic devices in some device ar-
chitectures additional layers (such as electron/hole tranport layers) are introduced between
the semiconductor layers and the electrode. There has been considerable work investigat-
ing the eﬀects of a ZnO electron transporting layer on device performance but there has
been little work into the eﬀects of this layer on the structure and morphology of the adja-
cent molecular semiconductor ﬁlm.[115, 116, 117, 118]Although ZnO has been used in both
polymer and small molecule OPV devices, only the work carried out on small molecules
(speciﬁcally phthalocyanines) is within the scope of this work.
Studies on the behaviour of phthalocyanine molecules on ZnO has so far been limited, the
behaviour of copper phthalocyanine (CuPc) thin ﬁlms has been investigated on (11¯00) ori-
ented ZnO using grazing incidence x-ray diﬀraction (GIXD) and UV-vis spectroscopy.[119]
In this work ﬁlms of various thicknesses (5-100nm) were investigated and the structure of
the Pc ﬁlm was found to change with thickness. The crystal structure of CuPc has been
the subject of much controversy, previous structures suggested the metastable α-polymorph
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adopted a herringbone structure however the currently accepted structure suggests that the
molecules adopt a brickstack structure. [4] In this GIXD study of CuPc on ZnO the structure
of the thicker ﬁlms was determined to be both brickstack and herringbone in structure. In
this work the CuPc ﬁlms were grown using unpuriﬁed material, the single crystals were not
prepared prior to thin ﬁlm growth and there is a lack of morphological characterisation of
the CuPc ﬁlms. Some computational studies of other phthalocyanines on ZnO have been
carried out, but experimental studies are severely lacking.[120, 121]
ZnO has been observed to exist in two known crystal structures one which is cubic and the
other which is hexagonal.[76] In its hexagonal form ZnO adopts a wurtzite crystal struc-
ture which is comprised of alternating layers of O and Zn atoms along the c-axis. In this
study single crystals of ZnO oriented to the (0001) miller plane (which is perpendicular to
the c-axis of the unit cell) will be considered. This (0001) surface can be either O- or Zn-
terminated, as a restriction of the unit cell, and in addition to this the (101¯0) surface will be
brieﬂy considered. The (0001) crystals in this work were purchased as either oxygen or zinc
terminated, no further experiments were carried out to check this. Techniques such as low
energy ion scattering could be used to probe the top few layers of the surfaces to determined
their chemical termination. X-ray photoelectron spectroscopy could also be used and the
intensity diﬀerence could be modelled to determine the surface termination.
In contrast to the (0001) surfaces exposed (101¯0) are mixed termination as a restriction
of the unit cell. As with many metal oxide systems, the (0001) surfaces of ZnO are often
considered to be polar as a result of their singly terminated surface and the mixed termi-
nation surfaces of ZnO are often considered to be non-polar.[122] The polarity of ZnO has
been the subject of many investigations theoretically and experimentally through the use of
Kelvin Probe techniques and studying the electrical conductivity of the O- and Zn- termi-
nated surfaces in UHV under the inﬂuence of heating as well as O2 and H2 adsorption and
desorption.[123, 124, 125, 117]
The behaviour of non-planar phthalocyanine molecules, in particular VOPc, on ZnO has not
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previously been investigated. VOPc has a permanent electric dipole moment, a feature which
is not present in any of the planar Pc molecules. There is the potential for an interaction
between this dipole moment and the polar surfaces, an interaction which would make this
system fundamentally interesting.
5.2 Surface preparation and characterisation
There are many reported methods for preparing well deﬁned, single crystal ZnO surfaces for
surface science experiments. As with single crystal metal surfaces many of these procedures
involve cycles of ion sputtering and annealing under UHV conditions. This type of surface
preparation can be problematic as UHV surface treatments can often result in oxygen defects
forming and a roughening of the surface. In addition to this the resulting surfaces are often
unstable in ambient conditions. This is far from ideal as although thin ﬁlm growth and some
surface analysis was to be carried out under UHV conditions, XRD and AFM experiments
required exposure of the samples to ambient conditions. As a result it was necessary to
prepare the ZnO surfaces in such a way that they would be stable in both UHV and ambi-
ent conditions. Fortunately previous work by Götzen and Witte has resulted in a method
through which the aforementioned ZnO surfaces can be produced.[79]
5.2.1 Preparation of crystals
Single crystal (0001) (Zn and O terminated) surfaces of ZnO were annealed in ambient air
in a Nabtherm (GmbH) LE/1/11r6 box furnace at 927ºC for 1 hour. The crystals were
allowed to cool for an hour and then mounted, using spot-welded tantalum ribbon, onto
tantalum sample plates (Omicron). The crystals were then loaded into the UHV chamber
and characterised using LEED.
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5.2.2 Characterisation of (0001) O-terminated crystal
Figure 53: (a) AFM topography image and (b) LEED pattern (101eV) of prepared O-
terminated (0001) ZnO surface.
The resulting LEED pattern for the O-terminated (0001) surface can be seen in Figure 53.
The pattern, measured at 101eV, shows a distinct (
√
3x
√
3)R30° diﬀraction pattern. This
conﬂicts with the earlier published LEED pattern for the O-terminated (0001) ZnO surface
using the same preparation method,[79] where a (1 x 1) LEED pattern is presented for the
same surface. The observed diﬀraction pattern suggests that the surface has reconstructed
during annealing. The reactive nature of polar metal oxide surfaces has been observed before
and reconstructions have often been reported as a method through which the oxide systems
stabilise charge.[126] It therefore seems unlikely that on heating a polar metal oxide surface
would retain the same initial surface structure and undergo no changes.
To ensure that this reconstruction was stable in air and UHV the crystal was then transferred
into ambient atmosphere and left in a clean sample box overnight. After this the sample
was transferred into UHV again and the LEED measurements were repeated and the same
patterns observed. The crystal was then annealed to 600°C for 1h in UHV, to ensure stability
in vacuum, allowed to cool and the LEED measurements were repeated. The same pattern
was again observed. With the reconstruction now established to be stable in air and UHV
the surface topography was imaged using ex-situ AFM, the results of which can be seen in
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Figure 53a. The surface of the reconstructed oxygen-terminated (0001) ZnO has a roughness
of 301.4pm and is comprised of stepped terraces approximately 4x10−10m high, see Figure
54. Although the surface will, to avoid confusion, be herein referred to as the O-terminated
surface the actual chemical termination of the surface is uncertain due to the nature of the
reconstruction. As such there is no certainty that the topmost atomic layer of this surface
is solely comprised of O atoms. This makes the system considerably more complex however
without forming a surface reconstruction the surface would be highly unstable in vacuum
and air and would lead to unreproducible results.
Figure 54: (a) AFM topography image of (0001) oxygen terminated ZnO surface. Black line
represents area shown in (b) cross-section line height proﬁle.
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5.2.3 Characterisation (0001) Zn-terminated crystal
Figure 55: (a) AFM topography image and (b) LEED pattern (89eV) of prepared Zn-
terminated (0001) ZnO surface.
The same process, described above for the oxygen terminated surface, was carried out on
the zinc terminated surface.The LEED pattern for the Zn-terminated (0001) surface can
be seen in Figure 55. The pattern measured at 89eV, like the O-terminated face, shows a
surface reconstruction. However unlike the O-termination the Zn-terminated face appears
to be made up of two reconstructions; a (
√
3x
√
3)R30° and a (2 x 2). Generated model
patterns of these two reconstructions are shown in Figure 56, the pattern generation was
carried out using LEED pat41.[127] This is diﬀerent from the previously reported structure,
measured at 61eV, which showed a superstructure comprised of (
√
3x
√
3)R30° and a (6 x
6) superstructure. [79] This is signiﬁcant as a (6 x 6) reconstruction would suggest that the
surface has an extremely long lattice parameter, in a (2 x 2) reconstruction the atoms of the
surface are closer together, in real space, than in a (6 x 6) reconstruction. Therefore the sur-
face we observe is quite unlike that observed by Götzen and co-workers. The LEED pattern
is also diﬀerent to that of the O-terminated surface in that instead of being solely comprised
of diﬀraction spots there are some streaks/lines in the diﬀraction pattern. These lines are
due to disorder in the reconstruction which is conﬁned to a speciﬁc axis, most likely caused
by atomic vacancies in the reconstruction without altering the symmetry of the surface.
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The same preparation process, as described above for the O-terminated face, was carried out
for the Zn-terminated face to ensure its stability in air and UHV. The surface topography was
also imaged using AFM as seen in Figure 55b. The reconstructed surface has a roughness of
294.9 pm and is also comprised of stepped terraces approximately 0.38 nm high, see Figure
57. As with the other surface this surface will be referred to as the Zn-terminated surface de-
spite the ambiguity surrounding the actual chemical termination of the topmost atomic layer.
Figure 56: Schematic of the two surface reconstructions which combined make up the surface
structure of (0001) Zn-terminated ZnO. Spots surrounded by circles are those from the (1x1)
pattern of the surface.
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Figure 57: (a) AFM topography image of (0001) Zn-terminated ZnO surface. Black line
represents area shown in (b) cross-section line height proﬁle.
5.3 Growth conditions of VOPc
The following growth conditions were used for evaporation of all VOPc thin ﬁlms discussed
in this chapter, where all samples were grown on separate ZnO crystals. The VOPc used was
triply puriﬁed and outgassed overnight 50°C below evaporation temperature (approximately
350°C) prior to growth. For the growth of all samples substrates were held at an elevated
temperature during growth with Tsub = 155°C. The rate of growth for the VOPc layers was
0.3 Ås-1, with thickness monitored by QCM and all growth carried out in the 10-8mbar
pressure regime.
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5.4 Monolayers of VOPc on O- and Zn- terminated surfaces
In an attempt to determine the possible surface registry of the VOPc lattice with respect
to the ZnO, monolayer equivalents of VOPc (amounts equivalent to monolayers on Au(111)
single crystals, conﬁrmed by LEED and STM measurements) were grown onto ZnO crystals.
Firstly the cell temperature is set to 270°C and held at this temperature for 15 minutes,
after which deposition is carried out for 15 minutes. Monolayers of VOPc were grown on
both ZnO surfaces using this methodology with no substrate heating to avoid island growth
through dewetting of the monolayer.
On both the O- and Zn- surfaces the corresponding LEED patterns of the VOPc monolayers
consisted entirely of poorly deﬁned rings at the low beam energies (10-20 eV) required to
observed MPc lattices. These rings were so faint that they were not visible in images captured
using the CCD camera but could be seen with the naked eye on the phosphor screen of the
LEED optics. Observing rings in LEED suggests that while some periodicity may be present
on the surface diﬀraction is most probably occuring from intermolecular spacings which are
randomly arranged on the surface and therefore do not produce a 2D diﬀraction pattern.
As the parameters for VOPc monolayer growth were determined with a Au(111) surface it
may hold that this surface has a very diﬀerent sticking coeﬃcient to ZnO and as such the lack
of diﬀraction may be in part due to incomplete monolayers. To this end thicker monolayers
of VOPc were grown (2 ML, 5 ML) and well-deﬁned diﬀraction was still not observed. For
sharp LEED patterns a surface needs to have directional long-range order and perhaps the
growth of VOPc on ZnO did not result in suﬃcient long range order to produce diﬀraction.
5.5 Morphology of VOPc on O- and Zn- terminated surfaces
As it was not possible to successfully use the in-situ diﬀraction techniques available to pro-
vide information about the VOPc/ZnO systems, thicker ﬁlms were required for use in ex-situ
characterisation techniques such as AFM and XRD. To this end growth of VOPc was carried
out on the ZnO surfaces to a nominal thickness of 5, 10 and 30 nm.The O-terminated surface
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will be addressed intially and AFM images of the ﬁlms are shown in Figure 58. The 5 nm
VOPc ﬁlm is comprised of small rectangular islands with an RMS roughness (Rq) of 8.9
nm. As the ﬁlm thickness is increased these islands ripen into larger islands with a similar
morphology and with a concommitant increase in roughness (10 nm - Rq= 20.5 nm and 30
nm - Rq=35.1 nm) is observed. In all of these ﬁlms with increasing thickness the islands
appear to be ripening at the expense of the formation of new islands, which demonstrate a
variety of lateral sizes and heights. In addition to this no wetting layer is observed in the
AFM images suggesting that islands are preferentially nucleated and that they have nucle-
ated at various points during the growth process suggesting that the ﬁlm is grown by the
Volmer-Weber (island) growth mode instead of the Frankvan der Merwe (layer-by-layer)
growth mode.[128, 40]
Figure 58: AFM topography images of (a) 5 nm VOPc (b) 10 nm VOPc and (c) 30 nm
VOPc on (0001) O-terminated ZnO.
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Figure 59: AFM images in 2D and 3D of 10nm VOPc on (0001) O-terminated ZnO. These
images have been ﬂattened to show the bare atomically high steps of the ZnO surface.
Figure 60: AFM topography images of (a) 5 nm VOPc (b) 10 nm VOPc and (c) 30 nm
VOPc on (0001) Zn-terminated ZnO.
Figure 61: AFM images in 2D and 3D of 10 nm VOPc on (0001) Zn-terminated ZnO. These
images have been ﬂattened to show the bare atomically high steps of the ZnO surface.
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In comparison, VOPc ﬁlms grown on the Zn-terminated surface exhibit a subtle change
in the morphology of the grains relative to those grown on the O-terminated surface (Figure
60). The 5, 10 and 30 nm VOPc ﬁlms on this Zn-terminated surface all possess a slightly
higher roughness (Rq = 13.8, 21.9 and 45.5 nm respectively) than their O-terminated equiv-
alents. These ﬁlms exhibit a similar growth morphology to the O-termination surface with
islands ripening with increasing thickness suggesting that the ﬁlms on both surfaces share
the same Volmer-Weber growth mode. To show that this is the most likely growth mode the
10nm VOPc AFM image of both ZnO surfaces has been ﬂattened and plane-ﬁt so that it is
possible to see the atomically high steps of the ZnO. If there was a wetting layer of VOPc
these steps would no longer be visible, assuming that the wetting layer was continuous. In
addition to this 3D renderings of these images have been made in which the atomically high
steps are also visible (Figures 59 and 61). X-ray diﬀraction experiments were attempted on
these samples however they proved unsuccessful due to the small number of strongly scatter-
ing atoms per unit cell. To enable structural data to be collected ﬁlms with 50nm thickness
were additionally grown.
5.6 Structure of VOPc on O- and Zn- terminated surfaces
This diﬀerence in morphology between the ﬁlms on the O- and Zn-terminated surfaces be-
comes most pronounced at higher thicknesses (see Figures 62 and 63). For example the 50
nm ﬁlm on the Zn-terminated surface consists of grains with a needle-like morphology (Rq
= 49.6 nm) and a high degree of surface coverage whereas the VOPc morphology observed
on the O-terminated surface showed the ﬁlm to be comprised of large islands with an un-
usual morphology seemingly comprised of square symmetry units (Rq = 52.7 nm). XRD
diﬀraction was carried out on these thicker ﬁlms on both surfaces. The diﬀractogram of the
O-terminated surface shows three peaks corresponding to the VOPc layer (2θ = 12.9°, 26.2°
and 28.6°) (Figure 62). These peaks can be indexed to the (0 ¯11), (13¯2¯) and (22¯1) planes
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respectively. Coincidentally these planes are also present in thin ﬁlms of VOPc deposited
onto thin ﬁlms of CuI (as reported in Chapter 3), this will be discussed in more detail later
(Section 5.6.1). The diﬀractogram of the Zn-terminated surface showed ﬁve peaks corre-
sponding to the VOPc layer (2θ = 7.6°, 12.6°, 25.2°, 26.2° and 28.6°) (Figure 63) which can
be indexed as the (001), (110), (220),(13¯2¯) and (22¯1) planes respectively. It is interesting
that on both terminations diﬀraction is observed from the (13¯2¯) and (22¯1) Miller planes. Of
the additional peaks observed in the VOPc ﬁlm on Zn-terminated ZnO the (001) is typically
observed on silicon and glass substrates, the (110)/(220) family of planes have not previously
been observed in the same thin ﬁlm sample.
Figure 62: (a) AFM topography image of 50 nm VOPc/(0001) O-terminated ZnO and
corresponding (b) XRD pattern.
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Figure 63: (a) AFM topography image of 50 nm VOPc/(0001) Zn-terminated ZnO and
corresponding (b) XRD pattern.
Assuming that the crystal structure of VOPc is unchanged by the interaction of the
molecules with ZnO and that the observed peaks correspond directly with those in the
single crystal structure it is possible to comment on the out-of-plane structure of the VOPc
ﬁlms. Films on both ZnO surfaces show diﬀraction occuring from the (13¯2¯) and (22¯1)
Miller planes, both of these planes are almost normal to the molecular plane and suggest
that the VOPc molecules are adopting a standing up orientation with respect to the ZnO
surface. The diﬀraction pattern corresponding to the O-terminated surface also shows a
peak corresponding to the (0 ¯11) miller plane the presence of which suggests an additional
molecular orientation which is closer to the surface at approximately 44°. A schematic of the
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approximate molecular orientations for the O-terminated surface can be seen in Figure 64.
This orientation is determined from the single crystal structure and should be treated as a
rough estimate of molecular orientation. To determine the exact orientation of the molecules
relative to the surface would require the use of synchrotron radiation based techniques such
as photoelectron diﬀraction (PhD) and x-ray standing waves (XSW).[27] The additional
peaks present on the Zn-terminated surface corresponding to the (001) and (110) miller
planes suggest that the the molecules oriented in the (001) direction are at an angle of
approximately 62°C with respect to the surface and those which are oriented in the (110)
direction are lying down with their molecular plane parallel to the plane of the surface, see
Figure 64 for a schematic of the relative molecular orientations.
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Figure 64: Schematic showing the orientations of the VOPc unit cell which correspond to
the Miller planes observed in the ﬁlms on O- and Zn-terminated ZnO.
The XRD patterns from both types of surface suggest that there are multiple orientations
of VOPc present within their corresponding ﬁlms, three for the O-termination and four for the
Zn-termination. To determine if these orientations are distinct and are not being observed
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Figure 65: Stereographic projections of the crystallographic planes present in VOPc/ZnO
layers in direct space. Filled poles and solid traces represent those in the upper hemisphere;
dashed lines represent those in the lower.
as a result of the experimental geometry used for diﬀraction the crystallographic tool of
stereographic projections was applied. The stereographic projections for VOPc on both
ZnO surfaces (Figure 65) show that the observed planes are not close enough to each other
in real space to be concurrently observed in this experimental geometry. Therefore the planes
observed are a result of the preferential orientation of VOPc in three (O-terminated) or four
(Zn-terminated) distinct orientations and are not the detection of nearly-parallel planes.
Although the surfaces are both the same bulk material there is clearly some diﬀerence in the
surface which has resulted in two quite diﬀerent VOPc thin ﬁlms.
5.6.1 Investigating the diﬀerences in ZnO surfaces
As the same structural behaviour of VOPc has been seen on thin ﬁlms of CuI (111) as on
O-terminated ZnO this surface will be discussed ﬁrst. Thin ﬁlms of (111) oriented CuI con-
sist of large grains which are randomly oriented in-plane.[3] In VOPc these thin ﬁlms result
in the (011¯),(13¯2¯) and (221¯) miller planes being observed. The behaviour of VOPc on CuI
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is quite diﬀerent from that of the planar MPcs for example FePc has been investigated on
(111) oriented thin ﬁlms and also (111) oriented CuI islands. On a continuous ﬁlm of CuI
XRD patterns of FePc show diﬀraction from the (311) plane showing one distinct orientation
of FePc molecules contrasting the three distinct orientations of VOPc molecules we observe.
On a CuI island ﬁlm diﬀraction of the FePc is seen from the (311) plane and an additional
peak which couldn't be indexed with the current crystal structures available.[71] The zinc
blende structure of CuI dictates that if the islands are (111) oriented out-of-plane then the
sides of these islands must be {100} oriented. SEM images of the FePc on these islands
shows a distinctly diﬀerent morphology of the FePc which has nucleated from these {100}
faces suggesting that this additional FePc orientation is therefore a result of the interaction
with these other CuI faces. The work on CuI islands was the motivation behind the work
on CuI single crystals (discussed in Chapter 4), by growing single crystals it is possible to
ensure that the growth of the phthalocyanine molecules occurs on the chosen symmetry face
of CuI. Thin ﬁlms of VOPc grown on the (111) face of these single crystals of CuI show only
one orientation of VOPc to be present in XRD patterns, (13¯2¯). The AFM images of very
thin layers of VOPc on CuI (111) suggest that growth of VOPc seems to start at the grain
boundaries. In the context of the VOPc growth on single crystal CuI this suggests that these
additional distinct VOPc orientations (011¯) and (221¯) are a result of the interaction of the
VOPc molecules with the grain boundaries of the CuI thin ﬁlms. However the ZnO surfaces
used in this work are single crystals and therefore do not possess any grain boundaries, un-
like CuI ﬁlms, and therefore the additional VOPc orientations cannot be a result of other
orientations of the ZnO surface.
As the (111) face of a hexagonally close packed metal and (0001) of a wurzite structure are
symmetrically similar it would be tempting to suggest that some of the similarities between
the behaviour of VOPc on ZnO and CuI (111) can be attributed to the symmetry of both
surfaces. As the Zn-terminated surface is symmetrically equivalent, yet has a diﬀerent inter-
action with the VOPc layer on top it seems that similarities in symmetry are having little
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inﬂuence on the interaction between the surface and the VOPc molecules. The similarities in
the VOPc thin ﬁlms structure between the CuI surface and the O-terminated ZnO also raise
questions as to whether there is an epitaxial relationship between the surfaces and the thin
ﬁlms. Assuming this were true the surfaces would need to have matching lattice constants
or the lattice constants would need to be multiples of each other. Copper iodide, a cubic
system, has a lattice constant of a = 6.1 Å and zinc oxide, a hexagonal system, has lattice
constants of a = 3.25 Å and c = 5.2 Å. Neither of the lattice constants of ZnO are identical
or multiples of the lattice constant for CuI suggesting that if an epitaxial relationship is
present in either system, it is not the same for both systems.
The two surfaces are identical in their symmetry and bulk chemical composition but diﬀer-
ent in their surface reconstruction. As such it is not unreasonable to assume that it is this
diﬀerence in reconstruction which is resulting in a diﬀerence in the VOPc ﬁlm structure.
From this there are two possible explanations, relating to the surface reconstructions, for the
diﬀerences in the structure of the VOPc thin ﬁlms.
The ﬁrst explanation is that the diﬀerences in the VOPc structure are caused solely by the
diﬀerences in the reconstructions of the two surfaces. Both surfaces have a (
√
3x
√
3)R30° re-
construction and this could be the cause of the same orientations of VOPc seen in both ﬁlms,
the (13¯2¯) and (221¯). The unique orientations of VOPc associated with the Zn-terminated
surface would then be a result of the additional (2 x 2) reconstruction, (001), (110), and
(220). This explanation is ﬂawed as it does not account for the presence of the (011¯) ori-
entation on the O-terminated surface. If the mutually shared orientations were a result of
the (
√
3x
√
3)R30° then the (011¯) orientation of VOPc should also be visible on the Zn-
terminated surface. Of course it is possible that this orientation is present in the ﬁlm but
there are not enough crystallites of this orientation to result in diﬀraction from this Miller
plane. Without more powerful diﬀraction techniques with which to probe this system it is
best to assume that the XRD data collected is an accurate representation of the out-of-plane
structure of the VOPc thin ﬁlms.
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An alternative explanation for the diﬀerences in behaviour of the VOPc thin ﬁlms is that
our surfaces are not fully reconstructed. In this case both surfaces would have areas of un-
reconstructed crystal, purely Zn- or O- terminated, and areas of reconstructed surface. The
O-terminated surface would therefore have areas which are (
√
3x
√
3)R30° reconstructed
resulting in the (13¯2¯) and (221¯) orientations of VOPc. This also applies to the Zn- termi-
nated surface, the additional orientation present, the (011¯), is due to the VOPc molecules
experiencing the solely O-terminated areas of the unreconstructed crystal. The (001), (110)
and (220) orientations on the Zn-terminated crystal can then be attributed to either the
(2 x 2) reconstruction of the areas of the crystal which are unreconstructed and solely Zn-
terminated. This explains the presence of the various VOPc orientations and is therefore
the more likely cause however due to the resolution of the AFM instrument it is not possi-
ble to determine the extent of the surface coverage of the surface reconstructions. Without
evidence of unreconstructed areas this explanation, like the ﬁrst, is purely hypothetical.
Regardless of the underlying cause the diﬀerences in VOPc morphology and structure and
ZnO reconstructions are clearly due to the diﬀerences in bulk truncation of the surface.
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5.7 VOPc thin ﬁlms on ( ¯1010) - mixed termination crystal
In addition to examining the behaviour of VOPc on the two (0001) surfaces of ZnO, its
behaviour was brieﬂy examined on the ( ¯1010) surface. This surface has mixed chemical
terminations of alternating Zn and O atoms, this surface is considered to be non-polar as a
whole, although there may be small localised areas of polarity. Unlike the work carried out
on the (0001) surfaces VOPc has only been deposited on this surface as a 50nm ﬁlm.
5.7.1 Surface characterisation
Figure 66: (a) AFM topography image and (b) LEED pattern of prepared (101¯0) ZnO
surface.
The ( ¯1010) ZnO mixed termination surface was prepared in the same way as previously
described for the two (0001) surfaces and the resulting LEED pattern for the surface can
be seen in Figure 66. The pattern, measured at 60eV, shows a clear (1 x 1) pattern, which
matches that previously reported, however in addition to this pattern there are streaked
spots which may be the result of a (1 x 3) pattern.[79] The lack of distinct spots makes
determining the surface structure diﬃcult and clearly shows that there is a surface recon-
struction present. The same method for ensuring the stability of the surface as detailed for
both the O- and Zn- terminated surfaces was carried out on this mixed termination surface.
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With the reconstruction now established to be stable in air and UHV the surface topography
was imaged using ex-situ AFM. The results of which can be seen in Figure 66b. The surface
of the ( ¯1010) ZnO has a roughness of 190.7 pm and is comprised of steps which are not
regular in height (see Figure 67).
Figure 67: (a) AFM topography image of ( ¯1010) ZnO surface. Black line represents area
shown in (b) cross-section line height proﬁle.
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5.7.2 Structure and morphology of VOPc on ( ¯1010) ZnO
Figure 68: (a) AFM topography image of 50 nm VOPc on ( ¯1010) ZnO and (b) corresponding
XRD pattern.
VOPc ﬁlms of 50nm thickness were grown on the ( ¯1010) ZnO surface and the resulting mor-
phology of the ﬁlm can be observed in Figure 68a. The ﬁlm, which has a roughness of Rq =
50 nm, is comprised of islands with two distinct morphologies the coverage of which is not
complete as there are areas of exposed surface visible. One of the morphologies is comprised
of large and triangular islands, reminiscent of the behaviour of VOPc on SiO2 and the other
elongated rectangles similar in appearance to the morphology of VOPc on Zn- terminated
ZnO. Although there are two quite distinct morphologies structurally XRD measurements
show diﬀraction from only one Miller plane, the (001). The (001) plane is typically observed
in VOPc ﬁlms on SiO2 hence the similarity in some of the island morphologies.The appear-
ance of only one peak in the XRD pattern is unusual in a sample with two distinct grain
morphologies however the VOPc ﬁlm coverage is not complete on the surface and perhaps
additional peaks would be visible in thicker ﬁlms. In the VOPc crystal structure the (001)
has the highest structure factor suggesting that if a ﬁlm was not highly crystalline the cor-
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responding orientation of VOPc would be the most likely from which diﬀraction would be
observed.
Unsurprisingly the VOPc ﬁlm on this surface is quite diﬀerent from those observed on the
two (0001) ZnO surfaces. Although the (001) peak of VOPc is present in the ﬁlm on the
Zn-terminated surface the absence of other orientations of VOPc in the ﬁlm on the ( ¯1010)
surface implies that there are considerable diﬀerences between the ﬁlms. Despite the surface
reconstruction which is present it seems that there is still a considerable diﬀerence in the
interactions of the VOPc with the ZnO surface. It has been previously found that surfaces
with diﬀerent symmetry surfaces (i.e. Au(111) vs. (Au(100)) can strongly aﬀect the proper-
ties of phthalocyanine ﬁlms deposited onto them. [114, 129, 11, 130] Perhaps the diﬀerences
in VOPc ﬁlm structure are due to the diﬀerence in the structure of the ZnO surface. The
stark diﬀerences between the Zn- and O-terminated faces do suggest the diﬀerence in the
surface chemistry may also have a major role to play in determining the organic thin ﬁlm
structure.
5.8 Conclusions
In conclusion, the surfaces of O- and Zn- terminated (0001) ZnO were prepared by annealing
in air and characterised using AFM and LEED. The surface reconstructions of the O- and
Zn- terminated surfaces have been determined and despite the similarity in symmetry of the
surfaces distinct reconstructions were observed for each chemical termination. On to these
reconstructed surfaces thin ﬁlms of the non-planar MPc VOPc were grown to investigate
the inﬂuence of the bulk truncation of the surface on the behaviour of thin ﬁlms of organic
molecules deposited on top.
These VOPc thin ﬁlms are grown to a range of thicknesses and the morphology of these
ﬁlms was investigated using AFM and thin ﬁlm growth was determined to be a result of the
Volmer-Weber growth mode. The structure of these ﬁlms were then investigated using XRD.
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The ﬁlms grown on the Zn-terminated surface were found to have a diﬀerent morphology
and structure to those grown on the O-terminated surface. The O-terminated surface causes
the VOPc molecules to adopt three distinct orientations, as observed by XRD, which coinci-
dentally are the same as those adopted by VOPc on thin ﬁlm polycrystalline CuI (111). The
Zn-terminated surface causes the VOPc molecules to adopt four distinct orientations, two of
which are the same as those caused by the O-terminated surface. The bulk truncation of the
ZnO surface appears to cause a distinct diﬀerence in the growth of the VOPc ﬁlms grown
on top.
The structure and morphology of VOPc thin ﬁlms on a mixed termination ( ¯1010) ZnO sur-
face was brieﬂy investigated. The surface was prepared via the same method as the other
two ZnO surfaces and similarly the surface was shown, using LEED, to have reconstructed
yet the surface is quite diﬀerent from that observed on the two (0001) surfaces. The struc-
ture of thin ﬁlms of VOPc on this mixed terminated surface is comprised of one orientation
of VOPc which is the same orientation which is observed in thin ﬁlms of VOPc grown on
oxidised silicon surfaces.
The distinctly diﬀerent orientations of thin ﬁlms of VOPc on the variously chemically ter-
minated zinc oxide surfaces suggests that the surface of metal oxide interlayers should be
carefully considered when they are utilised in small molecule OPVs.
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6 Conclusions
Ultimately the work discussed in this thesis highlights the inﬂuence that the chemistry of
molecules/surfaces can have on the structure and morphology of very similar systems. In the
ﬁeld of organic electronics the structure and morphology of organic thin ﬁlms can massively
inﬂuence device performance yet these are properties which are often overlooked in the quest
for high device performance. Metal oxide hole and electron transporting layers are often
introduced into device architectures with little characterisation of how their incorporation
aﬀects the structure of the adjacent organic thin ﬁlms. The work in Chapter 5 on the
behaviour of VOPc on ZnO shows quite clearly how chemically diﬀerent surfaces of the same
material can result in starkly diﬀerent structure and morphology of the same organic layers.
Chapter 3 and 4 focus on how slight changes in molecular chemistry can result in large
diﬀerences in structure and morphology in organic thin ﬁlms.
6.1 High temperature deposition of non-planar phthalocyanine thin
ﬁlms
Thin ﬁlms of VOPc and ClAlPc were prepared on oxidised silicon at a variety of substrate
temperatures. Films of both MPcs, grown at room temperature, exhibited a similar morphol-
ogy of small spherical grains which did not result in visible diﬀraction in XRD measurements.
Films of VOPc grown at elevated substrate temperatures were shown to be comprised of
grains with a triangular morphology which resulted in 2 distinct orientations of VOPc being
observed in diﬀraction measurements. The equivalent ﬁlms of ClAlPc were shown to feature
grains of a rectangular morphology and diﬀraction was observed from one orientation of the
molecules. Films of both molecules showed an increase in grain size with increasing substrate
temperature.
Structural templating of these molecules was then investigated using thin ﬁlms of CuI (111),
these ﬁlms were prepared at ambient and elevated substrate temperatures and characterised.
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The inﬂuence of these two diﬀerent CuI layers was then investigated on thin ﬁlms of VOPc
and ClAlPc. Whereas diﬀraction was not previously observed for ﬁlms of either phthalo-
cyanine molecule, grown on to room temperature substrates, the addition of the structural
templating layer of CuI was found to result in one diﬀraction peak for each molecule. These
bilayers then grown at elevated substrate temperature were found to be very interesting with
CuI promoting 3 distinct orientations of VOPc and 1 distinct orientation of ClAlPc. The
inﬂuence of CuI on the structure of VOPc and ClAlPc was found to be quite diﬀerent.
Despite their chemical similarities this work shows that under the same growth conditions
VOPc and ClAlPc behave quite diﬀerently structurally and morphologically.
6.2 Thickness dependent morphology of VOPc and ClAlPc on CuI
ﬁlms and the use of single crystal CuI for VOPc growth
The ﬁrst half of Chapter 4 builds on the work discussed in Chapter 3, with AFM measure-
ments used to investigate the growth behaviours of thin ﬁlms of ClAlPc and VOPc grown
on (111) oriented polycrystalline CuI ﬁlms at elevated substrate temperatures. Diﬀerent
thicknesses of the ﬁlms were explored, from 1-25nm and the resulting images suggest that
the two molecules are adopting two diﬀerent growth modes on the CuI ﬁlms. VOPc adopts a
Volmer-Weber growth mode on CuI (111), in contrast ClAlPc most likely adopts a Stranski-
Krastinov type growth mode on the CuI (111) ﬁlms. This aﬃrms the ﬁndings of Chapter
3 that although the molecules are both chemically similar their structure, and in this case
growth behaviours, are very diﬀerent.
The second half of this chapter focuses on the growth of high quality single crystals of CuI
from solution, their characterisation and use as structural templates. The simple synthesis
was found to produce large crystals which spontaneously oriented in the (111) direction, the
faces of which were ﬂat and have three/six-fold symmetry. LEED and XRD were used to
conﬁrm that these were indeed single crystals. The (111) faces were used as substrates to
grow thin ﬁlms of VOPc at an elevated substrate temperature. The single morphology and
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crystallographic orientation of the resulting VOPc islands was diﬀerent from the multiple
morphologies and orientations previously observed on polycrystalline CuI (111) ﬁlms. The
lack of these additional morphological and structural features has been attributed to the lack
of grain boundaries and defects on the CuI single crystal. This work shows the ﬁrst example
of a diﬀraction pattern collected from a solution grown single crystal and is also the ﬁrst
example of a structural templating study carried out on a single crystal.
6.3 The many faces of ZnO: the eﬀects of polar surfaces on the
growth of VOPc thin ﬁlms
Thin ﬁlms of VOPc were prepared, at a variety of thicknesses, on prepared surfaces of O-
and Zn- terminated (0001) ZnO. Prior to thin ﬁlm growth the single crystals were annealed
in air and characterised using AFM and LEED. The two surfaces were found to have diﬀer-
ent surface reconstructions which were diﬀerent from those reported in the literature. On
to these reconstructed surfaces thin ﬁlms of VOPc were grown (from 5 -50nm thickness) to
investigate the inﬂuence of the bulk truncation of the surface on the behaviour of thin ﬁlms
of organic molecules deposited on top.
The morphology of these VOPc thin ﬁlms was investigated using AFM and thin ﬁlm growth
was determined to be a result of the Volmer-Weber growth mode. The structure of these
ﬁlms were then investigated using XRD and ﬁlms grown on the Zn-terminated surface were
found to have a diﬀerent morphology and structure to those grown on the O-terminated
surface. The bulk truncation of the ZnO surface appears to cause a distinct diﬀerence in the
growth of the VOPc ﬁlms grown on top, although this could also be a result of the diﬀerent
reconstructed surfaces of the (0001) ZnO.
Mixed termination (101¯0) ZnO surfaces were prepared via the same method as the other
two ZnO surfaces. LEED measurements conﬁrmed that this surface also reconstructs and
that this reconstruction is quite diﬀerent from that observed on the two (0001) surfaces.
The structure and morphology of 50nm thin ﬁlms of VOPc were determined. This mixed
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termination surface resulted in XRD patterns suggesting one orientation of VOPc present
which coincidentally is the same orientation observed in thin ﬁlms of VOPc grown on oxi-
dised silicon surfaces.
The distinctly diﬀerent orientations of thin ﬁlms of VOPc on the variously chemically ter-
minated surfaces highlight the importance of considering the chemistry of the surface.
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7 Further Work
The studies of the non-planar phthalocyanines VOPc and ClAlPc in this thesis are by no
means comprehensive. What follows in this chapter is a suggestion of experiments which
would build on the results presented in this work and provide more information about the
systems concerned.
7.1 Redetermination of the crystal structure of ClAlPc
The work carried out in Chapter 3 on ClAlPc remains inconclusive, in part, due to uncer-
tainties regarding the accuracy of the current crystal structure for ClAlPc. The existing
structure was measured in 1984 and even if there are few changes observed in a new struc-
ture the improvement in equipment and reﬁnement software available in 2015 would provide
a much higher quality crystal structure. Although attempts have been carried out in the
course of this work to grow single crystals of ClAlPc using gradient sublimation, time con-
straints have not allowed exploration of all the possible experimental conditions available.
In addition to providing useful information about the structure of ClAlPc in this work, a
redetermined structure would also be of use to the general phthalocyanine commmunity.
7.2 Investigating the nature of the structural templating interac-
tion
The templating work discussed in this thesis has been carried out on substrates which have
a insulating top layer (SiO2) and so traditional surface science techniques which require
conducting substrates, such as LEED and STM, have not been carried out. As such we have
made attempts to grow the layers of phthalocyanines and copper iodide at high temperatures
on a conductive surface, Au (111). Copper iodide monolayers have been found to produce (1
x 1) LEED patterns however attempts to image the monolayers have been diﬃcult due to the
insulating nature of these layers. Sequential depositions of VOPc on top have resulted in faint
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rings being visible in the corresponding LEED measurements and AFM has shown islands
of VOPc to be forming resulting in diﬃculty acheiving a complete monolayer of VOPc. Fine
tuning of the deposition growth parameters is necessary to determine if a full monolayer of
VOPc is possible on the CuI monolayer. If this were possible then LEED experiments could
be used to probe the crystal structure at the interface. In addition to this UPS experiments
could be carried out which would allow the electronic structure of the system to be analysed.
7.3 Investigating the changes to the in-plane structure of VOPc
and ClAlPc thin ﬁlms
The experimental geometry of the lab based diﬀractometers used in this work only provide
information on the out-of-plane structure of the samples measured by them. Although the
information discussed about the eﬀects of CuI on the out-of-plane structure of the MPc thin
ﬁlms is interesting and shows that structural templating has taken place, a more complete
picture of the systems dicussed would be provided with measurements of the in-plane struc-
ture of VOPc and ClAlPc. Synchrotron proposals were submitted for time at a grazing
incidence x-ray beamline however these proved unsuccessful within the time constraints of
this work.
The work on ZnO dicussed in Chapter 5 would also beneﬁt from the knowledge of the in-plane
structure of VOPc. As high quality single crystals of ZnO are commmercially available (and
well investigated) this would be a more simple system (than MPc/CuI thin ﬁlm systems) on
which to carry out these measurements.
7.4 Synchrotron based surface measurements
Synchrotron-based surface measurements would provide a great deal of information about
VOPc and ClAlPc, both structurally and electronically. Fine structure techniques such as
X-ray standing wave (XSW) or photoelectron diﬀraction (PhD) would allow the molecule
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and the topmost layers on the supporting substrate to be probed without damaging the
sample. X-ray adsorption spectroscopies such as extended x-ray photoelectron ﬁne structure
(EXAFS) or near edge x-ray ﬁne structure (NEXAFS) would also provide a wealth of infor-
mation useful in understanding the structure of the interface. The presence of an adsorbate
induced surface reconstruction could also be probed with all of these techniques. Planning
is currently underway to construct an experimental proposal for this work.
Any surface probing synchrotron techniques would need to be carried out on a high quality
single crystal surface, in some cases this is a necessity of a technique (i.e. x-ray standing
wave), therefore any potential measurements would either need to be carried out on a high
quality single crystal or on a monolayer of CuI on a single crystal. Ideally the single crys-
tal growth of CuI described in this work would produced crystals of a high enough quality
for synchrotron measurements however this seems unlikely without orienting, polishing and
checking the crystals. Investigations regarding monolayers of CuI on a single crystal would
be possible, however this system would be quite complex and therefore may not be an ideal
system with which to carry out PhD and XSW measurements.
7.5 Expanding the investigation of the structural templating eﬀect
of CuI to other small molecule semiconductors
Structural templating studies, discussed in this work and in the wider literature have pri-
marily concerned phthalocyanine molecules. Whether this is a result of a lack of interest
in studying templating in other molecules it seems like there is space for this work in the
ﬁeld. There are a wide range of other small molecule semiconductors which would be good
candidates for these sorts of studies (e.g. acenes, truxenones, anthracenes) and in addition
to this other structural templating layers could be explored.
This work would be interesting as it would help us to understand more about the processes
which are occuring between the templating layer and the organic, it will also provide more
information on the nature of the molecules being investigated. Any resulting templated
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ﬁlms could then be employed in OPV devices to determine if this would result in any device
eﬃciency improvements.
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